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FOREWORD 


The personnel of the NASA-Marshall Space Flight Center of Huntsville, 
Alabama, were pleased to join with the members of the Northeast Alabama 
Section of the Society of Professional Engineers in planning and organizing this 
symposium on "Engineering and Productivity Gains from Space Technology." 

There is a close parallel between the objectives of this symposium and 
NASA activities to help transfer NASA-developed technology for other public 
benefits. 

Although technology transfer does occur naturally, without a catalyst it 
is a long, drawn-out process. For example, many companies that have truly 
obvious and natural spinoffs within their own business take years and even 
decades to exploit them profitably. It is much more difficult to transfer 
unfamiliar space-related technology. Most technology transfers result either 
from a dedicated effort or not at all. Yet, technology is a very necessary 
national resource. Improvements in productivity depend upon it; medical care 
is improved by it; public safety and conservation of resources depend upon it. 

In drafting the legislation that formed NASA, Congress recognized the 
potential value of knowledge to be generated in pursuit of the exacting require- 
ments of space exploration, by establishing the following goal: 

"The Administration shall provide for the widest practicable 
and appropriate dissemination of information concerning its activities 
and the results thereof.” 

An awareness of three separate, but related, considerations of the tech- 
nology transfer process led to establishing the NASA Technology Utilization 
Program: 


1. Rigid requirements of space research and development provide incre- 
mental advances in the state-of-the-art that can be useful to others. 

2. Products and processes are seldom, if ever, applied in the form in 
which they were developed to meet space-mission objectives. 

3. The large volume of technical information generated from space 
research represents a valuable resource of use to industry. 
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The goal of the Technology Utilization Office is simply to bring about the 
secondary use or new application of technology already developed and paid for by 
the taxpayer. Less obvious are the principal mechanisms and strategies 
employed by the office to transfer technology to both the private and public 
sectors. 


Technology Utilization Officers located at each of the ten NASA field 
centers act as regional program managers and extend catalyzing function by 
implementing policies and projects in the areas they serve. 

NASA requires all research and development contractors to document 
and report new technology. NASA contracts are unique in this respect, and it is 
this requirement that forms the basis for the innovations and improvements that 
are announced in Tech Briefs, a two-color publication for nonaerospace users 
that is issued quarterly. 

The dissemination of Tech Briefs to thousands of individual subscribers, 
and the republication by the trade press of many inventions and innovations con- 
tained in that publication serve to create awareness of NASA technologies avail- 
able for adaptation and use by others. However, personal interaction often is 
required to transfer space technology. Toward that end NASA has established 
a network of industrial applications center, with principal offices at seven 
universities across the nation, to provide information retrieval services and 
technical assistance to industry. 

The network of industrial applications centers serves industry both by 
searching the literature and by helping to evaluate and apply the results. Search- 
ing what has become, by far , the world's largest technical data bank and applying 
the resultant information selectively to industry’s problems is the service these 
centers provide. 

The Computer Software and Management Information Center (COSMIC) at 
the University of Georgia collects and screens NASA computer programs, and 
those of other technology-generating federal agencies, for their possible interest 
to nonaerospace organizations. 

Application of aerospace technology to public problems often requires 
technology demonstrations with user participation. To assist with these tasks 
the Technology Utilization Office sponsors application teams staffed by pro- 
fessionals from a variety of disciplines. In operation since 1965, these groups 
are divided into biomedical and technology application teams which are located 
at research institutes and universities. Both go out to public sector agencies or 
medical facilities to learn what significant problems might be solved by the 
application of NASA technology. 
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Aerospace technology usually must be adapted to be applied usefully to 
public sector problems, which the users identify in cooperation with NASA, The 
Technology Utilization Office method is "applications engineer" or the effort to 
redesign or reengineer aerospace technology for a specific application. This 
activity often results in the development, evaluation, and field testing of prototype 
hardware. 

NASA technology that may be applicable to your field can be obtained by 
writing: 

Aubrey D, Smith, AT01 

NASA -George C. Marshall Space Flight Center 

Marshall Space Flight Center, Alabama 35812 
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PREFACE 


Symposia, such as this, provide the needed forum to disseminate the 
many aerospace technology findings that are applicable to industry, universities, 
and various governmental organizations. The uniqueness of this symposium is 
that it was aimed at the professional engineer .practicing in design, development, 
and production. Directing engineering related technological gains from the 
space program to practicing engineers is the most effective way to apply these 
gains for the benefit of mankind. 

The topics selected for this symposium were those deemed of greatest 
interest at this time. The topics of the four sessions were: 

1. Energy — Certainly a topic of great concern at this time. NASA in 
concert with ERDA is applying much of the gained technological knowledge to 
the development of new energy sources. This includes both the generation of 
energy here on Earth as well as energy generated in space that can be trans- 
ferred to E arth. 

2. Materials and Processes — From the advent of the modern missile 
and space programs, the development and use of various materials and processes 
has been studied. Many have become marketable by various industries. Pro- 
cesses in space will be one of the next industrial frontiers. 

3. Earth Observation — How we see ourselves and how we use our 
resources will have a profound effect on the future of man's life on Earth. 

This will be an activity of keen interest in the future. 

4. Advances and Benefits of Electronics — The one item that is most 
prevalent today is technological advancement in the field of electronics. This 
is a continually accelerating area of technology that generally is ahead of its 
need and demand. 

The symposium speakers were people from various U.S. governmental 
departments, industry, and universities. It was arranged such that findings 
were offered as well as needs described. This afforded an exchange of that 
which is needed. To gain full benefit of such a forum, follow-up is necessary. 
Therefore, copies of the presentations are compiled in this document along 
with the author's name and address. Those wishing to gain further information 
are invited to contact the authors. 
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The outstanding success of this symposium is directly attributed to those 
who gave their efforts. Expressed appreciation is offered to Chairman Aubrey 
D. Smith, PE, Co-chairman Irvin P. Vatz, PE, Coordinator John R. Macintyre, 
PE, and to the session Co-chairmen and speakers listed on the enclosed program 
outline, and to the many others who responded so well when called upon to help. 
The Huntsville Chapter of the Alabama Society of Professional Engineers is 
pleased to have had a part in this outstanding symposium. 

A limited number of copies of these proceedings are available beyond 
those distributed to the participants on a first come basis. These may be 
obtained by writing: 

Alfred G. Orillion, AT01 

NASA -George C. Marshall Space Flight Center 

Marshall Space Flight Center, Alabama 35812 
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KEYNOTE ADDRESS 


by 

Herbert J. Rowe 

NASA Associate Administrator for 
External Affairs 


National Aeronautics and Space Administration 
Washington, D.C. 20546 



A problem exists in the nation’s engineering and productivity areas 
which must be confronted and corrected. The data indicate that our system is 
not performing as it can or as it has in the past. Consequently, the United 
States is behind in the area of technical productivity. 

Today, Japan excels in the area of goods production output per man-hour 
(Fig. 1) . Over a span of years through 1973, productivity in the Japanese home 
islands rose at an astonishing rate of 10 percent a year . There was a decline 
in 1975, but the curve is again climbing upward. 



Figure 1. Productivity’s progress — Japan is a class by itself. 

From Figure 1 it can also be seen that compared to Continental Europe, 
the English speaking industrial nations have done poorly in terms of productivity 
gains. Sweden ranks second in the world, yet considerably below Japan. Next 
comes West Germany, Italy, France, Canada, Great Britain, and lastly the 
United States — traditionally the titan of the world’s technology, the giant among 
nations. One NASA official has called this a ’’frightening” statistic. 

At the time of the American Revolution, 201 years ago, human beings 
were lucky to survive birth and then infancy. All science was rudimentary. 

Man could move no faster than his animals could carry him or his sail might 
catch the wind. But by the 1800’s, this small, agrarian country brought forth 


2 



the full fruition of American ingenuity, A remarkable period of Political Revolu- 
tion was supplanted by the Industrial Revolution. Our competence was emulated 
by European nations, our techniques copied and utilized. The concepts of mass 
production and improved transportation and communications carried into the 
twentieth century. We learned how to make automobiles that anyone could afford 
to buy. World War II was surely shortened and Allied victory assured because 
of Willow Run and other industrial complexes, speeded up for the war effort. 
After World War II we saw the "technological revolution" reach its height. 
Americans went to the Moon and returned. Today our spacecraft are on the 
Martian surface. Why then does the United States rank so low in goods produc- 
tion output per man-hour ? 

From Figure 2 it can be seen that technology feeds upon itself by engen- 
dering more productivity. The space programs alone have filled the marketplace 
with new goods and new inventions. World trade relies upon technological 
advancement as does all other elements of the world’s economy. It is vital, it 
is a must, and therefore it is necessary that the United States improve its 
production capabilities. 
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Figure 2, The value of technology. 


Research and development (R& D) is sadly lacking in the United States 
and is therefore one element upon which more effort must be concentrated 
(Fig. 3). 

Unlike other nations who direct a large portion of their R& D spending to 
industry, based upon data obtained in 1971, the United States was found to have 
been decreasing R& D spending as a part of the GNP ( Fig. 3) , 
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Figure 3. R&D spending as a percent of GNP. 

As a result of this trend, arguments have been advanced supporting the 
need for technological R& D. For example the National Center for Productivity 
and Quality of Working Life, a new U.S. Government agency, has concluded 
"Much of the historical growth of productivity in this country is the direct result 
of technological change. Technological advances are critical to continue produc- 
tivity growth because they lead to increasingly effective use of labor, capital, 
and natural resources." And Edward F. Denison of the Brookings Institution, 
who has completed several large-scale studies of the sources of growth in the 
U.S. economy, terms technological change "the biggest single source of growth” 
over the past three decades; he estimates additionally that it accounts for about 
a third of the increase in national income from 1927 to 1969. 

We at NASA have five main thrusts to our R& D program: 

1. We will continue to be engaged in exploration of the solar system, 
even to its outermost limits. 

2. What we learn, we will apply. 

3. Aerospace will be a foremost consideration and we will labor to 
maintain American preeminence in civil, private, and military aviation. 

4. Technology itself, as Figure 2 illustrated, is a principal factor in 
all NASA activity. 

5. Space transportation and the system that serves both the public and 
private sector has to be continually improved and made less costly. 
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Americans are well aware of what out technology can accomplish. We 
have developed faster than other nations; we created in one century the world’s 
first industrial society on a continental scale. We have taught the world the 
techniques of advanced industrial production and demonstrated our ingenuity 
and enterprise in landing on the Moon and on Mars. We lead the world in 
technologies as diverse as agriculture, computers, and aviation. 

Beyond the next century, we cannot envision the scientific and technological 
horizons. The Americans who will be our descendants will inherit and share 
that adventure. This generation — yours — will be acknowledged as the one that 
bequeathed and made their adventure possible. 
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SESSION I 


ENERGY 




ERDA/NASA-MSFC SOLAR HEATING AND COOLING 
DEVELOPMENT AND DEMONSTRATION PROGRAM 


by 

John M. Price 

Solar Heating and Cooling Project Office 
Special Projects Office 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



The MSFC involvement in solar heating and cooling stems from exper- 
ience with environmental control systems in space vehicles such as Apollo and 
Skylab and will continue with present programs providing environmental protec- 
tion for space crewmen and equipment. 

This technology development includes special thermal coatings, insulating 
materials, thermal fluids, both active and passive heating and cooling systems, 
and includes protection for man as well as equipment for the harsh environments 
of space at the extreme temperatures experienced. 

This technology and experience seemed a natural application for a more 
conventional use such as the heating and cooling of buildings using solar as the 
primary energy source. The thermal coatings, materials, insulation, processes, 
and heating and cooling techniques were key ingredients to designs of solar 
collectors, selection of thermal transfer fluids, storage devices, and heating 
and cooling equipment utilizing solar energy. 

As a result, MSFC became actively involved in 1973 and 1974 in designing 
and building a system to heat and cool a representative residential building using 
solar energy. This system, using some newly designed equipment and some 
modified conventional equipment, was to allow testing and evaluation of the 
system, subsystems, and components under actual operating conditions and to 
provide data on operating characteristics, system analysis of such systems, 
and to serve as an engineering tool in design improvement of such systems. 

During this activity, the outlook for energy sources began to be of prime 
concern to the U. S. , particularly the increasing dependence upon foreign oil 
and decreasing supplies of domestic oil and natural gas. As a result, Project 
Independence was initiated by the President and Congress, recognizing the need 
for programs at the Federal level to provide the stimulus for creating new 
energy sources, or in the case of solar, developing technology and equipment 
to utilize the source — effectively, economically. 

The following figures show example illustrations of the MSFC solar 
heating and cooling effort that has now become part of the national program. 

Figure 1 gives information on the National Solar Heating and Cooling 
Program in which MSFC has an important role. The Energy Research and 
Development Administration (ERDA) has the overall lead responsibility for 
the program. 
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NATIONAL SOLAR HEATING 
& COOLING PROGRAM 

AUTHORIZED BY LEGISLATION 

SOLAR HEATING & COOLING ACT 
OF 1974 

TO — 

DEMONSTRATE PRACTICAL USES OF — 

SOLAR HEATING SYSTEMS BY END 
OF FY77 

COMBINED SOLAR HEATING & COOLING 
SYSTEMS BY END OF FY79 


FOR APPLICATION TO 

RESIDENTIAL BUILDINGS -- 



MULTI -FAMILY BUILDINGS — 



COMMERCIAL BUILDINGS ~ 


Figure 1. Description of the National Solar Heating and Cooling Program. 

Figure 2 explains the goal of the national program. The end result of 
the national plan is to assist in gaining public acceptance of solar energy utilizing 
heating and cooling systems and to provide the stimulus for commercial produc- 
tion of these systems. Volume production of these systems will help drive unit 
costs down, making solar energy use a more attractive and cost-effective 
alternative to present fuel systems. 
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TO STIMULATE THE CREATION OF A VIABLE 
INDUSTRIAL ANO COMMERCIAL CAPABILITY 
TO PRODUCE AND DISTRIBUTE SOLAR HEATING 
AND COOLING SYSTEMS. THE WIDESPREAD 
APPLICATION OF THESE SYSTEMS CAN REDUCE 
THE DEMAND ON PRESENT FUa SUPPLIES. 


Figure 2. Overall goal of the National Solar Heating 
and Cooling Program. 

MSFC has an assigned role in the national plan. Figure 3 lists MSFC 
major responsibilities in support of the ERDA program. MSFC's role is to 
develop solar energy equipment utilizing industrial support and on-site MSFC 
test facilities to support the national program. After these systems and sub- 
systems are developed and checked out, a part of them will be tested at MSFC 
under simulated field conditions. Also these and other systems will be installed 
in a wide range of climatological and geographical locations for operation, 
observation, and evaluation of performance. 


• DEVELOPMENT IN SUPPORT OF DEMONSTRATION 

• MANAGE THE DEVELOPMENT AND TESTING OF SOLAR HEATING & COOLING SYSTEMS 
AND SUBSYSTEMS LEADING TO MARKETABLE PRODUCTS 

• DEVELOP AND PROVIDE DATA ACQUISITION EQUIPMENT TO SUPPORT NATIONAL DATA 
PROGRAM 

• COLLECT, PROCESS ANO EVALUATE TECHNICAL DATA FROM SELECTED S ITES 

• COMMERCIAL DEMONSTRATION 

• SUPPORT THE COMMERCIAL DEMONSTRATION SITE SELECTION PROCESS 

• MANAGE SELECTED S ITES 


Figure 3. MSFC’s major responsibilities in support 
of ERDA programs. 





The Commercial Demonstration Program’s objective is to provide an 
early interface with the public and industry to solar heating and cooling equip- 
ment, Proposals are evaluated from builders, equipment manufacturers , and 
industries to install solar systems in which the government will cost- share the 
solar system procurement and installation. Performance data will be gathered 
and the system operation evaluated. 

MSFC has several test facilities to support the national program (Fig, 4) . 
The solar simulator is a large tungsten-halogen lamp array housed in one of the 
onsite buildings which provides a controllable and variable solar insulation simu- 
lation for testing solar collectors. The solar house, previously mentioned, 
provides an engineering unit with 1300 ft 2 of roof mounted collectors and simu- 
lates a 2500 ft 2 residence. It consists of three interconnected house trailers 
under a free -standing roof. The Solar Heating and Cooling Systems Test 
Facility is a 20-acre site at MSFC providing out-of-door testing of components, 
subsystems, and systems with measurement data collected and recorded by the 
facility's data collection system. Systems checked out from the development 
program will be installed in operational test sites selected throughout the U.S. 



MSFC SOLAR HOUSE TEST FACILITY OPERATIONAL TEST SITE 


Figure 4. Solar heating and cooling test facilities. 
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Figure 5 is a photo of an off-site project of the Development and Commer- 
cial Demonstration Program — Cambridge Development Group’s townhouse 
development in Columbia, South Carolina. This unit will be installed and instru- 
mented similar to the ones shown under construction and will be an operational 
test site in the development program. 



Figure 5. Cambridge Development Group's townhouse 
development in Columbia, South Carolina. 


Figures 6, 7, and 8 show solar system installations already in operation. 
Figure 6 is a photo of the Radian Corporation’s office building in Austin, Texas, 
one of the commercial demonstration projects. The solar system provides 
heating and cooling for three office areas in the building. The corporation is a 
research and development firm, and they will correlate and analyse performance 
data with a similar conventional gas-fired system. Another project in the 
commercial demonstration program ( Fig. 7), the Blakedale Professional 
Building in Greenwood, South Carolina, is an office building using solar energy 
for space heating and hot water. Moving to the West Coast, Iris Images uses 
roof-mounted solar collectors to heat water for film processing purposes 
(Fig. 8). 
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Figure 6. Radian Corporation's office building in Austin, Texas 


IRIS IMAGES, INC. 

CUSTOM FILM PROCESSING LABORATORY 
MILL VALLEY, CA. 




Figure 8. Iris Images, Inc, , Custom Film Processing Laboratory, 
in Mill Valley, California. 

One of the very important reasons for having these and other installations 
in the field (and other government agencies will also have test units out, such 
as DOD, GSA, and HUD) is to gather performance data, to analyze and 
assimilate the resulting material, and disseminate useful information derived 
from these analyses to the using industries (architects, builders, distribution, 
etc. ) and to the general public. Figure 9 illustrates the flow of the data. 

As to the program status, MSFC’s development program has 30 small 
and large companies developing systems and subsystems. Hardware is being 
delivered, tested, and integrated. Its test facilities are practically all 
operational, and operational test sites are being selected. 

In the commercial demonstration effort, 32 sites are in various stages 
of completion with eight operating in the fir st increment of the program, the 
ERDA Program Opportunity Notice (PON) cycle 1 contracts. Evaluation of 
proposals under the PON cycle 2 has just been completed, 80 more sites were 
selected from the proposals by ERDA , and contract negotiations with the 
successful proposers will start soon. Two more PON cycles are planned. 
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Figure 9. Sensor to User Data System. 


In data collection and evaluation, the Development of the data acquisition 
system is complete, and the total system is operational. 


From the standpoint of productivity, solar heating and cooling is 
certainly a challenge to industry to produce, manufacture, and distribute systems 
to the public — to begin to reduce our dependence on fossil fuels as one alternative 
to our national energy problem. MSFC is grateful to have the opportunity to 
contribute to meeting this challenge. 


17 






IMPACT OF ALTERNATIVE ENERGY FORMS 
ON PUBLIC UTILITIES* 


by 

F. W. Keith, Jr. 
Supervisor, Technical Services 


Alabama Power Company 


*This presentation is based largely on the attitudes, philosophies, and studies 
developed by EPRI and EEI. 
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INTRODUCTION 


The Electric Power Research Institute (EPRI) was established by the 
electric utility industry in January, 1973, for the purpose of performing energy 
research and development under the sponsorship of the nation's utility industry. 

Its goal is to develop a broad coordinated advanced technology program for 
improving electric power production, transmission, distribution, and utilization 
in an environmentally acceptable manner . 

j The EPRI budget for 1976 was $130 million, with funding provided by 
voluntary contributions from public and private utilities across the nation. 

There are more than 700 member organizations supporting the EPRI program. 
These utilities account for approximately 85 percent of the electric power 
generating capacity in the nation. The EPRI research programs are closely 
coordinated with parallel efforts of Federal agencies such as the Energy Research 
and Development Administration (ERDA) , National Aeronautics and Space 
Administration (NASA) , and others. 

The Edison Electric Institute (EEI) is an association of electric light 
and power companies in the United States. Its affiliate members consist of 
investor -owned electric utilities in North, Central, and South America and 
contiguous islands in the Western Hemisphere. The objectives of EEI are: 

1. The advancement in the public service of the art of producing, trans- 
mitting, and distributing electricity and the promotion of scientific research in 
such field. 

2. The ascertainment and making available to the members and the 
public factual information, data, and statistics relating to the electric industry. 

3. To aid its operating company members to generate and sell electric 
energy at the lowest possible price commensurate with safe and adequate 
service, giving due regard to the interests of consumer, investor, and 
employee. 

Alabama Power Company is a private investor -owned electric utility 
engaged in the generation, transmission, and distribution of electric energy to 
approximately 921, 000 customers. These customers are located throughout 
56 of Alabama’s 67 counties in a service area of approximately 44 500 square 
miles. The total generating capacity is 6120 MW. Alabama Power Company 
is also one of the operating affiliates of the Southern Company. 
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The presently installed generating capacity of The Southern Company 
system is nearly 20 500 MW, and projects to increase this capacity are currently 
committed and are in various stages of design and construction. Despite recent 
delays in new plant construction, the system construction budget was $995 
million for 1976 and it is $3. 8 billion for 1977-1979 combined. System energy 
sales for 1976 amounted to 80.3 billion kW-h. 

A quick review of these statistics clearly indicates that The Southern 
Company system is deeply involved in and will be vitally affected by the national 
energy problem and any policies or strategies which may be developed to 
address this problem. As is well known, the national energy problem arises 
primarily from a mismatch in the supply and demand relationships of specific 
energy resources, namely oil and natural gas. A comparison of the current 
patterns of energy use and the relative amounts of domestic energy resources 
shows that the U. S. has become dependent on oil and natural gas to supply 
approximately 80 percent of its needs. It is significant to also note that these 
two sources represent less than 7 percent of its domestic fuel resources. 

Americans have come to think of this significant dependence upon natural 
resources as a recent development, This attitude was developed primarily at 
the gasoline lines in 1973 and from headlines describing rising utilities costs, 
supply shortages of natural gas, and unforeseen technical problems. 


ENERGY GROWTH 

Energy is the backbone of modern society. It is also an extremely 
complex subject which includes economic, political, social, and technological 
considerations. Many uncertainties exist in each of these areas which lead to 
conflicting positions among experts in a given discipline. This has led to the 
development of many diverse energy scenarios for the future. 

One such study was conducted during the summer of 1974 at MSFC for 
the purpose of developing a methodology for assessing alternative energy 
futures. A systems approach methodology was used to examine three energy 
scenarios — the Westinghouse Nuclear Electric Economy, the Ford Foundation 
Fix Base Case, and a MEG AST AR -generated Alternative to the Ford Technical 
Fix Base Case. The three scenarios represent different paths of energy 
consumption to the year 2000. 
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The existence of many uncertainties, whether relating to nuclear safety, 
energy needs, health effects, our oil and gas resources, or the electrical- 
generation capacity required for the future, makes it imperative that multiple 
pathways are pursued to assure that the lack of energy will not force us to 
compromise either our economic and social goals or our national security in 
the future. 

Most discussions of U.S. energy requirements begin by pointing out that 
energy consumption in the U. S. has been increasing at 2. 9 percent annually 
over the last 30 years (4.1 percent for the years 1960-1973) . With 10 percent 
of the world’s population, this country accounts for approximately 35 percent 
of the world’s annual energy consumption, which is the highest energy use per 
capita of any country in the world. 

Economists point out that the U. S. also has the largest gross national 
product (GNP) and, more important, one of the largest GNP’s per capita. The 
U.S. also produces one-third of the world’s goods. The U.S, energy require- 
ments per unit of GNP exceed that of most of the industrialized nations of the 
world. There is no denying the energy-intensiveriess of the U.S. society. It 
is very productive, mobile, best fed, clothed, housed, entertained, educated, 
and informed of any in the world. Its pace leads the world; people, goods, 
production lines, etc. , move freer and faster. 

What does this indicate for the future? 

The EPRI plan for answering this question is based on estimates of 
future electric energy consumption, fuel needs, and utility plant additions 
required to support a healthy economy. It also recognizes that the utility 
industry is operating under a variety of external forces: new economic, political, 
and social concerns. Environmental issues, regulatory uncertainties, restric- 
tions on the choices of fuel, and limitations on the availability of capital are all 
anticipated to have a substantial effect on both the technological base and systems 
and equipment options required over the next few decades. 

There are two good indicators which help us fix the target for the future 
demand for electricity: our anticipated standard of living and the size of our 
future labor force. Historically, -energy consumption and prosperity rise and 
fall together. A strong appetite for energy marks those periods when employ- 
ment is healthy and the economy is growing. Energy consumption tends to fall 
with waning employment and sagging national economy. 

Over the next quarter century, energy consumption may be marked by 
fuel switching from natural gas and oil to electricity; consequently, assumptions 
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about total energy needs are necessary to set bounds on the amount of fuel 
switching that can be reasonably expected. Total U.S. energy demand also 
provides a measure of the future competition for primary fuels and the effect 
of this competition on utility fuel costs and the markets for advanced technology. 
Projections made by both governmental and private organizations, however, have 
revealed significant uncertainty about the fixture rate of growth in total energy 
consumption. 

Typical forecasts for total U.S. energy consumption in the year 2000 
range from 135 x 10 15 Btu to 192 x 10 15 Btu. For purposes of research and 
development planning, EPRI has adopted an intermediate expected value of 
150 x 10 15 Btu. These figures compare with the total energy use of 71. 1 x 10 15 
Btu in 1975. The expected energy curve does not represent an absolute forecast 
of future U.S. energy needs, but does constitute a baseline for EPRI planning. 

The expected energy curve is subject to change, based on continuous analysis, 
economic events, and policy changes. 

This projection of total U.S. energy consumption anticipates continued 
economic growth over the next quarter century to provide income for a labor 
force of 113 million and a total population of 263 million people by the year 2000. 
Rising energy prices, governmental policy, new construction codes, and public 
concern are expected to result in some conservation of energy. The expected 
energy curve used for planning by the Institute assumes that a reasonable level 
of conservation will be achieved by the year 2000. Without this conservation 
effort, an additional 37 x I0 i5 Btu would probably be added to the year 2000 
demand for primary fuels. 

The EEI’s energy philosophy is based on its energy policy statement 
adopted a year ago. EEI's current position embraces the broad national goal of 
achieving a high degree of energy self-sufficiency in order to protect the public 
wealth and economic welfare and to promote national security. To achieve this 
goal, it is essential that the policies and efforts of government and industry work 
together to minimize waste and make the most efficient use of energy, to increase 
domestic energy resources, to develop new sources of energy, and to promote 
environmental and economic balance. 

Underlying the EEI policy recommendations is recognition of the fact that 
more and more electricity will be needed by the nation for its economic and 
social well being. After zero growth in 1974 and a 2 percent increase in 1975, 
electric output for 1976 was up over 6 percent, primarily due to increased 
industrial activity. Among the areas where increased use of electricity is taking 
place are the following: 
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1. Industry and commerce — Changeover s range from hamburger stands 
to automobile manufacturers and from steel to glass -makers. 

2. Environmental programs — More electricity will be required for 
processes such as water purification and waste recycling. 

3. Transportation — ERDA is projecting an all -electric transportation 
economy involving an ’’almost total switch to electric ears and delivery vans by 
the year 2000." 

4. Electric home heating — Data shows that 49 percent of new single- 
family homes had electric heating in 1975. This compares with 40 percent for 
gas and 9 percent for oil. When new multifamily buildings, for which the 
electric percentage was 59 percent, are included, the weighted average for both 
types was 52 percent. For the second straight year electric had a larger share 
of new homes than did gas. 

In 1975, coal provided approximately 45 percent of the electric genera- 
tion. In the year 2000, fossil fuel, primarily coal, will account for about 40 
percent of generation. 

Nuclear fuel provided about 9 percent of electricity generation in 1975, 
and by the year 2000 it is expected to provide 50 percent. 


ALTERNATIVE ENERGY RESOURCES 


Through the energy programs which are being conducted by both EPRI 
and EEI, individual electric utility companies are being encouraged to participate 
in the development and demonstrations of various solar energy applications. 

This encouragement is essential if new sources of energy and new techniques 
for using existing fuels more efficiently are to be developed. 

During February 1976 the EPRI staff prepared a report entitled "Electric 
Utility Solar Energy Activities 1976 Survey. " The report identifies 295 projects 
sponsored by 116 utility companies. The projects were grouped into the six 
categories listed in Table 1. As indicated in Table 1, solar heating and cooling 
of buildings (SHACOB) and related projects accounted for 73 percent of utility 
activity, with 98 of the 116 utilities sponsoring at least one project in this 
category. Participation ranged from providing monetary support for experi- 
ments conducted by colleges and universities to full sponsorship of design, 
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TABLE 1. SUMMARY OF ELECTRIC UTILITIES SOLAR ENERGY PROJECTS 



Utilities 

Active and 
Planned Projects 

Category 

Participating 
in Project Area 

Number 

Percent 
of Total 

SHACOB & and Related 
Projects 

98 

216 

73 

Wind 

20 

29 

10 

Solar Data Collection 

15 

17 

6 

Solar -Thermal Central Power 

8 

11 

4 

Photovoltaics 

5 

5 

1 

Other 

10 

17 

6 


a. Solar heating and cooling of buildings. 


construction, instrumentation, and evaluation of installations with solar heating 
and cooling (SHAC) systems. This category includes efforts involving solar 
system instrumentation and monitoring, utility impact studies, system s> design 
studies, computer simulations of SHAC systems, and experimental rate design 
studies. 


Projects in the wind energy category consisted of 10 percent of the total. 
The major thrust of these projects involved wind data acquisition in support of 
the ERDA large wind turbine generator program. Several projects featured 
residential wind generator demonstrations. Combination SHAC-wind energy 
projects are included in the SHACOB category. Solar -thermal central power 
and photovoltaics activities, comprising 5 percent of the total, were also 
generally found to be associated with the ERDA solar energy program. The 
solar data collection activities (6 percent of the total) were found to be independent 
of the Federal solar data acquisition and reporting program. Concentrated in the 
western United States, the majority of the 20 utilities in this category are 
participating in the WEST Associates’ Solar Resource Evaluation Study. The 
remaining 6 percent of the efforts identified in the survey included solar crop- 
drying projects, public information programs, industrial applications, and 
materials and components testing projects. 
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Despite accelerated research and development efforts, electric power 
will not be generated in any significant quantities from such sources as solar, 
geothermal, wind power, or fusion until after the turn of the century. By the 
year 2000 sources other than nuclear and fossil will be supplying about 10 
percent of electric generation and most of that will be hydro. 


Solar Energy 

Solar energy is manifested in several forms other than direct radiation 
from the sun, in forms such as wind, waves, biomass, and ocean thermal- 
gradients, All are technically capable of producing energy, but at costs that 
substantially exceed other alternatives. In all, more than $20 million has been 
earmarked by the electric utility industry for research, development, and 
demonstration of the solar concept through EPRI. This funding has been 
committed through 1982, and equal efforts will be geared toward solar heating 
and cooling applications as well as electric power production. 

The sun’s most significant contribution this century will more likely 
relate to space and water heating. The easiest and most cost-effective contri- 
bution can come from simply improving building design and orientation — taking 
full advantage of the sun for heating purposes, or minimizing its impact in hot 
climates. 

Solar water-heating is presently used in many parts of the world and its 
applications are likely to increase. Solar heating of homes is still not econom- 
ically viable in most parts of the country. Principal costs involve the collectors 
and the thermal-storage system. Backup energy supply systems are also 
important factors to be considered. Widespread use of such systems could 
create serious load imbalance problems for a winter -peaking utility, forcing 
it to invest in additional generating capacity that would be used only a small 
fraction of the time. Some utilities are considering demand charges on solar 
users whose systems contribute to such problems. 

EPRI's thrust in its SHAC program is to optimize these systems in terms 
of capacity displacement as well as fuel displacement. The key to solar utiliza- 
tion for space conditioning is in collector cost and performance. Both must 
improve substantially and/or coal and nuclear-produced electricity must increase 
in price to make SHAC economic. While the solar industry is growing rapidly, 
it should be kept in mind that if solar captured 100 percent of the new construc- 
tion space heating after 1985, this would represent only about 65 percent of our 
total primary energy requirement by the year 2000. 
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Solar-electric systems are being actively developed, but their contribu- 
tion this century will be far less significant. Two approaches are being pursued: 
solar thermal, which utilizes the Sun's energy to drive a conventional power 
cycle, and photovoltaic (solar cells) , which converts solar radiation directly 
to dc electricity. Both approaches are far from being competitive with nuclear 
or fossil options at the present time. 

The central -receiver-plant costs are dominated by heliostat costs. 

These plants will be concentrated in the arid Southwest because of the abundance 
there of direct solar radiation. ERDA is planning a 10 MW central-receiver 
pilot plant utilizing a conventional steam cycle. EPRI is developing a Brayton - 
system using helium or air as a working fluid and operating at temperatures of 
1500 to 2000 °F. Brayton systems can significantly reduce cooling -water 
requirements — an important consideration in the Southwest. The possibility 
of reducing costs by providing a fossil -fuel backup energy supply as opposed to 
energy storage is also being considered. 


As for solar cells, these are several orders of magnitude too costly for 
large-scale power production at the present time. 


Not only must solar-electric power-system components (heliostats, 
solar cells, etc.) be substantially reduced in initial cost, but they must also 
demonstrate sufficient durability to permit a long usable life. Only then will 
solar power significantly contribute, and even then only in regions where the 
quality and quantity of solar energy reaching the Earth's surface justify the 
investment. 

In addition to EPRI projects, over 200 solar demonstration programs are 
being conducted separately by utility companies. The following is a list of some 
of the individual projects which are being conducted within the industry: 

1. San Diego Gas & Electric Company — The San Diego Gas & Electric 
Company has begun a three-year research program in which the utility will 
monitor a solar demonstration house and evaluate its solar climate control 
system. 


2. Massachusetts Electric Company — The Massachusetts Electric 
Company has a project to install solar hot water heaters in 100 homes to test 
their potential for solar heating. 
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3. Niagara Mohawk Power Corporation — The Niagara Mohawk Power 
Corporation is funding a project at the State University of New York to utilize 
solar heating. 

4. Pacific Power & Light Company — The Pacific Power & Light 
Company is funding a solar energy center at the University of Oregon. 

5. Pennsylvania Power & Light Company — The Pennsylvania Power & 
Light Company has funded research on an experimental home which uses solar 
panels for heating. 

6. Alabama Power Company — The Alabama Power Company is building 
a solar energy demonstration office to serve its Montevallo District. The 
structure will serve as a research project to obtain data on the effectiveness of 
solar energy components and system and energy savings through solar application. 


Wind Energy Conversion 

Wind machines are being developed by ERDA and NASA which could lead 
to limited energy contributions in regions where suitable wind conditions and 
natural energy storage exist. Remote regions are likely to be favored because 
of asthetics, better match of load requirements to wind-generator size, and 
reduced transmission costs from central power stations. 

Since wind energy is intermittently available and less predictable than 
direct solar energy, it requires energy storage devices or very widespread 
interconnections to achieve reliable capacity displacement. Research issues 
include accurate assessment of wind patterns and vertical profiles, and techno- 
economic determinations of feasibility for rural or urban applications. 

Central Vermont Public Service Corporation has constructed and operated 
a 1.25 MW windmill -driven generator, and Minnesota Power & Light Company 
is involved in a project with ERDA to determine the economic feasibility of using 
wind generators to supplement conventional generating systems. 

Less certain in terms of economic feasibility are some of the mid-term 
projects, such as large windmills coupled to electric generators. 
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Photosynthesis of Biomass 

Another long-term possibility for generating electricity with solar energy 
is the biomass or photosynthesis method. It is known that through the age-old 
process of using energy captured by plants from the Sun, urban refuse, forestry 
and agricultural wastes and special energy crops can be converted to fuels. 

This concept is being studied by both EE DA and EPEI. 

Studies are underway at EPRI to check the environmental impact of 
growing trees or sorghum on large solar plantations. The major problems are 
availability of water, the energy input needed to make fertilizers, and most 
important, the fact that the currently projected costs of fuel production are 
much higher than those for alternative methods. 

It is believed that by the year 2000, fuels derived from biomass will 
have a small impact on a national scale. 


Ocean Thermal Energy Conversion 

Unfavorable economics, coupled with major technical problems, makes 
ocean thermal -gradient generation systems relatively unattractive and limited 
to only a few U. S. locations for electric power production. The physical size 
of the system is large, consisting of pumps, heat exchangers, and other expensive 
equipment required to generate a relatively small amount of power. Significant 
problems of materials, operation, and lifetimes are encountered due to corrosive 
environments. Another problem is to economically transport the power generated 
to land-based load centers. Consequently, ocean thermal energy conversion 
ranks lower among EPEI research priorities. 


Environmental Impact 

In addition, the EPRI solar program incorporates two studies to evaluate 
the environmental impact of the various types of solar power, including solar 
thermal conversion, photovoltaic conversion, wind energy conversion, ocean 
thermal conversion, and biomass. These studies are to provide inputs for 
utilization by the utilities in filing the alternative section of the Environmental 
Impact Statement for conventional power plants, or, alternatively, when solar 
systems become economically viable, to provide the framework for making an 
environmental impact application and assessment for these power plants. 
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Geothermal Energy 

In rare instances can geothermal energy be extracted directly as steam 
and used to produce power, as is done at the Geysers in California. Pacific 
Gas & Electric Company operates this power generating plant which is the only 
commercial geothermal development in the country. 

Dry steam produces about 500 MW at The Geysers, and any significant 
additions elsewhere will have to come from the hydrothermal resource. EPRI 
has recently completed a feasibility study for a 25 to 50 MW low-salinity- 
hydrothermal demonstration plant. However, the site-specific nature of the 
resource, geology, and environmental considerations will limit the rate of 
growth in the early years of hydrothermal development. Geothermal power 
does have the potential for becoming an important supplement in parts of the 
West and Southwest by the year 2000. 

At the present time, five utilities have supported the drilling of geo- 
thermal sites in western states — Arizona Public Service Company, San Diego 
Gas & Electric Company, Southern California Edison Company, Tucson Gas & 
Electric Company, and Utah Power & Light Company. Florida Power & Light 
Company has also provided funds to the Florida Institute of Technology to 
determine geothermal energy's potential in Southwest Florida. 


Fusion 

Several projects are underway in the fusion area. Public Service Electric 
and Gas Company and other utilities have provided support for fusion research 
at the Princeton Plasma Physics Laboratory. The Texas Atomic Energy Research 
Foundation, supported by ten utilities in that state, has provided support for 
extensive controlled-nuclear -fusion research at the University of Texas at 
Austin, and Wisconsin Electric Power Company and Wisconsin-Michigan Power 
Company have provided major funding for fusion research design study at the 
University of Wisconsin. Further, seven New York state electric utilities, 
under Empire State Atomic Development Associates, Inc. , have provided funds 
to Cornell University for long-range basic research on controlled fusion. 


SUMMARY 

In summary, the electric utility industry is not without a plan. The 
industry does, however, face a number of formidable problems, and some of 
the decisions which must be made are outside the realm of industries control. 
The task of removing bottlenecks and roadblocks will not be easy, but the task 
should be approached with optimistic realism. 
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As the problems are resolved, it is anticipated that solar energy will 
assume an increasingly important role. Even though solar systems require 
heavier investment of capital and resources than most alternative systems, 
solar energy may account for 1 to 2 percent, or up to 40 000 MW of the 
nation’s electric power capacity by the year 2000 ( solar thermal conversion 
and photovoltaic conversion) . It is anticipated that about 2 percent of the total 
energy used for heating and cooling of buildings will come from solar 
(4 x 10 15 Btu). 

To assure that this goal is met, the EPRI through its New Energy 
Resources Department has budgeted approximately $64 million for Solar, 
Geothermal, and Fusion R&D projects for the period 1977-1982. In other 
words, careful, responsible energy development today will enable our nation 
to find a path to the time when new, almost limitless energy forms will be 
available. 
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WIND ENERGY - A RENEWABLE ENERGY OPTION 


by 
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BACKGROUND 


As part of the solar energy developments, the Federal Government is 
sponsoring a five-year program to determine the feasibility of wind energy as 
an alternate energy source. This program is being sponsored by the Energy 
Research and Development Administration (ERDA), and assisted by several 
governmental agencies and ERDA laboratories. NASA-Lewis Research Center 
has been designated as the cognizant government agency to develop certain 
research and technology activities associated with large horizontal axis systems. 
After a brief background description of previous wind turbine systems that have 
evolved over the centuries, ERDA’s Five Year Development Plan, certain aspects 
of the national and regional assessment of wind availability and potential applica- 
tions, and the NASA/ERDA hardware programs will be discussed, as well as 
a brief description of what can be expected in the future. 

The capture and conversion of wind power has played a vital and important 
role in the history of mankind, from very simple devices, categorized as vertical 
axis systems, used for pumping water and milling grain (Fig. 1). These devices 
have evolved through to the typical wind-mill dominant in the farm scene in the 
early 20th century. One of the first large experimental machines which can be 
considered in today’s class of electric generating systems was a 100 kW wind 
turbine built in 1931 by the Russians. It was located at Balaclava near Yalta on 
the Black Sea. Although primitive in its construction, it provided power to 
Sevastopol about 20 miles away. Based on the technology pioneered in this 
time frame, we expect that the Russians have further pursued the implementation 
of similar wind turbine generators for farm and other applications. Asa 
commercial R&D activity started in 1934, the S. Morgan Smith Company of 
York, Pennsylvania, began the pioneering of the largest system known at that 
time, the Smith-Putnam Machine. Its capacity was 1.25 MW, operated inter- 
mittently over a period of 4 years until in 1945 an overstressed blade failed. 

Some serious consideration was given to a multirotor system in 1951, but because 
it could not be proven to be economical, the idea was scrapped. 

Several other successes have been achieved in Europe, primarily with 
two and three bladed machines in the 100 to 200 kW sized range (Fig. 2) . Most 
of these systems similarly have been abandoned because of lack of economics 
with the low-cost of competing electricity. 
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1951 CONCEPT USA 1941~1945~USA 1931 RUSSIA 


Figure 1. Wind power evolution. 


PERIOD 

LOCATION 

TYPE 

CENTURIES B.C. 

PERSIA 

VERTICAL AXIS 

12TH CENTURY 

FRANCE/ENGLAND 

HORIZONTAL AXIS j 

18TH CENTURY 

USA 

HORIZONTAL AXIS 

1890 

DENMARK 

HORIZONTAL (5-25 kW) 

20TH CENTURY 

USA 

HORIZONTAL - FARM TYPE 
(5-25 kW) 

1931 

RUSSIA 

HORIZONTAL - 2 BLADE 
(100 kW) 

1941-45 

USA 

HORIZONTAL - 2 BLADE 
(1250 kW) 

1950's 

ENGLAND 

HORIZONTAL - 2 BLADE (AIR) 
(100 kW) 

1957 

DENMARK 

HORIZONTAL - 3 BLADE 
(200 kW) 

1950's 

FRANCE 

HORIZONTAL -3 BLADE 
(130-300 kW) 

1960's 

GERMANY 

HORIZONTAL - 2 BLADE 
(100 kW) 

1975 

USA 

HORIZONTAL - 2 BLADE 
(200 kW) 


Figure 2. Successful wind conversion devices. 
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Although the Smith-Putnam machine (Fig. 3) located at Grandpa's Knob 
near Rutland, Vermont, was considered a technical success, it was not success- 
ful economically. Much of the development, however , and the findings achieved 
on this large system provided a good base for ERDA and NASA engineers. To 
this period, it was physically the largest machine ever built and tested. The 
tower was 110 ft high and the rotor was 107 ft in diameter and had an 11 ft 4 in. 
cord. Blade pitch was adjustable so that constant generator speed could be 
maintained. This rotational speed was maintained in winds as high as 70 to 
75 mph. The rotor turned an ac synchronous generator that produced 1250 kW 
of power at wind speeds greater than 30 mph. This power was fed into the 
power company network. 



Figure 3. Smith-Putnam machine located at Grandpa's Knob 
near Rutland, Vermont. 






ERDA WIND DEVELOPMENT PROGRAM 


The Federal Wind Energy Program was initiated in FY74 as a modestly 
funded activity under the auspices of the National Science Foundation. The pro- 
gram has grown rapidly and in January 1975 was transferred to the then newly 
formed Energy Research and Development Administration (ERDA) . To pursue 
the development of wind energy, a number of parallel activities were initiated 
to address the many questions existing at the initiation of the program. These 
activities were developed to address certain areas of more than one project in 
order to provide comparative results and to furnish a measure of uncertainty. 

The major highlights of the ERDA Five Year Development Plan ( Fig. 4) were 
covered, including economic assessment, technology, and system studies that 
are leading to hardware development programs. 

To establish a solid base for pursuing the technical and economic 
feasibility of developing wind energy, the steps of pursuit are carefully segre- 
gated but yet interrelated. The early studies and technology developments are 
now evolving through hardware development and demonstration systems. These 
systems will be tested to assure performance acceptability within the applications 
for which they are being developed. Following the successful demonstration and 
test phase, ERDA will assist industry in developing the tools necessary to fulfill 
commercialization and marketing goals. 

Several studies regarding the national and regional applications of wind 
turbine generators are projected to continue through mid-1978 (Fig. 5). Because 
of the high investment required at the early stages of the developmental program, 
an incentives investigation is underway to determine such aspects as tax refunds, 
capital investment incentives, etc., for consideration by Congress for ultimate 
implementation of wind energy systems. Technology studies which include better 
understanding of wind characteristics (gusting and wind availability) , as well as 
hardware (mechanical and electrical) , are being studied. The hardware 
demonstration program also currently underway is designed to prove the 
feasibility of certain system sizes and will hopefully culminate in the definition 
and design of systems that will be available for commercial implementation in 
the early to mid-1980's. Within each of these large-scale demonstration program 
categories, advanced systems such as a vortex machine, diffuser augmentation, 
and vertical axis rotors are continuing at a fairly low level. It is possible that 
these systems could be developed as hardware in the early 1990’s, 
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Figure 4. The ERDA wind development program. 
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Figure 5. The ERDA Development Program. 


Figure 6 shows a comparison of current wind turbine generator program 
developmental activities [such as MOD-OA (200 kW) , MOD-1 (1500 kW), and 
MOD-2 (2000 to 3000 kW)] with respect to the current state-of-the-art in air- 
craft development. It’s interesting to note that the MOD-2 blade span is almost 
as large as the "Spruce-Goose" developed by Hughes several years ago. 

In anticipation of the hardware demonstration programs being developed, 
ERDA has selected 17 utilities in sites located throughout the U. S. for initial 
demonstration system installations (Fig. 7). The first 200 kW MOD-OA uprated 
versions of the first NASA installed unit at Plumbrook will be sited at two of 
these locations. The site at Clayton, New Mexico, has already been selected 
for the first installation of MOD-OA. The next two units, 1500 kW MOD-1 systems 
being developed by the General Electric Company at their Valley Force Space 
Division, will be installed at two of the other locations yet to be selected. 
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Figure 6. Wind turbine size comparison. 



(§) MUST BOO M SITE ( CLAYTON N M f 

Figure 7. Seventeen candidate wind turbine generator field-test sites. 


40 




These sites selected by ERDA for further wind evaluation and test will be 
instrumented with towers and instruments for the purpose of collecting wind data 
prior to final system configuration (Fig. 8) . Data will be collected on wind 
velocity, gusting, shifts, and lulls, which will ultimately be used to determine 
value of each site for wind energy conversion effectiveness. Meteorological 
towers 160 ft high have been erected at the sites and instrumented at two levels 
to sense wind direction and speed. These towers will define wind gusts (wind 
direction and velocity) . Instruments will be located at two levels, 30 ft and 150 ft 
above the ground. The data will be collected and reduced for analysis and dis- 
tributed to interested centers on a monthly basis. These data will be compared 
with existing records of wind data collected over a 20 year period by local 
weather stations to determine relative consistency. Each site will be independ- 
ently evaluated as to its suitability for types and sizes of wind turbine generator 
test installations. Additional evaluation factors include topography (to determine 
ease of installing large wind turbine generators) , the nature of the utility power 
grid interconnection and loads, and the overall capability and value of the wind 
turbine test and evaluation program following installation of the system. Sites 
will be selected sometime this year for installation of the remaining MOD-OA 
and the MOD-1 wind turbine generators. 


• WIND DATA COLLECTION 

- 160 FT METEOROLOGICAL TOWERS 
-WIND SPEED AND DIRECTION SENSORS 

- DATA REDUCTION AND DISTRIBUTION 

- DATA COMPARISON - 20 YEAR WEATHER STATION DATA 

• OVERALL EVALUATION 

- WIND CHARACTERISTICS SUITABILITY 

- TOPOGRAPHY 

- POWER INTEGRATION 

-WIND TURBINE TEST AND EVALUATION 


Figure 8. Test site instrumentation and evaluation. 


NATIONAL AND REGIONAL WIND ASSESSMENT STUDIES 


General Electric Company's Space Division has been a major participant 
in ERDA's Wind Energy Development Program since its inception early in 1975. 
A comprehensive assessment of wind availability and potential applications on a 
national scale was conducted in parallel with a similar study performed by the 
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Lockheed-California Company in Burbank, California. These studies (Fig. 9) 
are being augmented by additional, more in-depth determination of the economic 
and technical impact of large scale implementation of wind energy conversion 
systems into utility sectors. 


• WIND CHARACTERISTICS AND AVAILABILITY 

• WIND ENERGY APPLICATIONS 

• ECONOMICS 

• PUBLIC ACCEPTANCE 

• RESOURCE BARRIERS 

• STORAGE CONSIDERATIONS 

• TECHNICAL BARRIERS 

• IMPLEMENTATION SCENARIOS 


Figure 9. National and regional wind assessment studies. 

The purpose of these studies is to ultimately prove the wind energy 
potential as an economic, viable, alternate energy source. These factors are 
being investigated both at the national scale and in more depth for individual 
regional applications. To identify a clear path for economic implementation 
once the technology problems have been resolved, selected results of some of 
these studies which indicate the direction in which the wind development program 
is proceeding will be discussed. No major concern has been established with 
public acceptance and availability of raw materials and resources to implement 
at an appropriate rate. Storage, unless in the form of already existing hydro- 
electric dams, has not been considered economic through and beyond the year 
2000. 


For purposes of convenience, wind availability has been categorized at 
three different levels ( Fig. 10) : high — measuring annual mean wind power 
availability of 7 MW hr/m 2 /yr and above; moderate — 4 to 7 MW hr/m 2 /yr; and 
low — 2 to 4 MW hr/m 2 /yr. These categories generally have relative common- 
alith with average annual mean wind speeds of: high — 18 mph and above; 
moderate — 14 to 18 mph mean wind speed; and low — 14 mph and below. 

The wind availability map ( Fig. 10) was prepared by using several 
sources of wind data ( Fig. 11) . The basic source was the Sandia surface wind 
data which exists for the entire U. S. , collected from the weather stations and 
similar sources. To provide meaningful power potential measured at a 50 m 
height (which is the elevation of the hub center line above the ground) , additional 
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Figure 10. Wind energy regimes (at 50 m) . 



NATIONAL 

• SOURCES 

- SANDIA SURFACE WIND DATA 

- METEOROLOGICAL RAWINDSONDE DATA 

- UPPER WIND DATA 

• INTEGRATION AND INTERPOLATION 

• CORRELATION WITH MEASURED DATA 

SITE RELATED 

• DECENNIAL CENSUS DATA 

• TOPOGRAPHIC SITE SURVEYS 

• INSTRUMENTATION ON TOWERS 

• CORRELATION WITH MEASURED AVERAGED DATA 


Figure 11. Wind availability assessment. 

source data were required. All source materials were integrated to interpret 
the high, moderate, and low wind areas shown on this map. Certain high 
elevation locations were correlated with actual measured data. This map, 
therefore, shows those geographical areas with high probability of having wind 
conditions within the high, moderate, and low regimes. The regional studies 
are further taking into consideration the topography of land and additional more 
detailed decennial census data. Because of varying local conditions, certain 
wind characteristics may vary from the national assessment. These data will 
be measured on towers and correlated with measured average data to provide 
specific regional wind characteristics. 

Since the power density of wind ( Fig. 12) that can be derived from the 
wind increases by the cube of the wind speed, it is important that those sites 
having a high annual mean wind speed be considered first for economic reasons. 
Power is measured in watts, kilowatts, or megawatts per area of the swept 
wing-span and is directly related to the area of the wind-disc or the area 
measured by the blade diameter. 

Once a site or region has been selected as a candidate, wind character- 
ization and wind data will describe the "footprint" of that particular site. This 
"foot-print" is described by a power duration curve (Fig. 13) specific to that 
site. The shaded area within a typical high wind regime represents the available 
power for electrical conversion over a 1 year period of time. The large area 
below the shaded area represents lost power because the wind machine is not 
capable of producing power at velocities below that level and is turned off. The 
system designer of wind turbine generators uses this curve to determine the 
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Thousands Of Hours Which Wind Velocity Is Greater Than Value Given By Curve 


Figure 13. Typical power duration curve high wind regime. 

cut-in and cut-out speeds which describes the envelope within which the wind 
turbine generator will operate most economically. This particular curve shows 
cut-in at 11 mph and although the particular site does not show winds in excess 
of 45 mph, the system being designed for this application will cut out at 50 mph. 
This will provide an advantage of using this system design at a site having wind 
higher than 45 mph for some periods of time. 

The area integrated in the shaded portion of Figure 13 is dependent upon 
several factors. One of the most important of which is variation in the winds at 
particular sites at different times of the day. This is important to utilities, 
since a most economic wind turbine generator has a diurnal — that is an hourly — 
variation that coincides with peak loads of the utility. Notice the difference in 
peaks between the high and the moderate/low wind regimes in Figure 14. This 
is generally a characteristic resulting from the fact that most high wind regimes 
are located in mountainous or high elevation areas and there is a reverse energy 
flow at these elevations compared to the moderate and low regimes, generally 
located in flat or plain areas. 
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Figure 1,4. Diurnal variation model. 





Another important consideration of interest to the utilities is the seasonal 
variation of the wind (Fig. 15) , Again, the utilities are faced with peak and low 
demands relative to different times of the year. For instance, in the Midwest, 
large farming areas are heavily dependent on irrigation systems and the utilities 
find their peaking requirements in the June-July time frames. As can be seen 
from Figure 15, the national wind availability is not a good match for this peak 
loading requirement. Other areas, however, with a high incidence of electric 
heating will cause utility peaking to occur in the winter months which is compatible 
with the national high wind regime data. Although the diurnal and seasonal varia- 
tions appear to place a severe penalty on the potential economic viability of wind 
turbine generators, it has been determined that wind energy must be considered 
base-load capacity. That is when the wind is blowing, the utilities will use the 
energy being produced. Either existing capacity or storage must therefore be 
available for those peaking conditions previously described. 



Figure 15. Seasonal variation model. 


In GE’s National Wind Energy Assessment Study, the total area of the 
United States, Guam, Puerto Rico, Hawaii, and Alaska were considered for 
potential wind turbine generator installations. Allowing for unavailability of 
typical areas such as highly urbanized and lands reserved for park areas, etc. , 
it was determined that this total number of units ( 313 500) spaced appropriately 
for efficient wind energy capture could be installed to service the utilities in the 
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United States. This total capacity, called saturation (Fig. 16), would amount 
to 470 GW of installed capacity which could represent, operating at a nominal 
efficiency rate, 1070 billion kWA/yr. Using an accepted growth rate (2. 8 per- 
cent per year) of energy consumption through the year 2000, this generating 
capacity would represent approximately 28 percent of total utility installations 
and approximately 14 percent of the energy demand for the year 2000. 


REGIME 

AVAILABLE 

AREA 

(THOUSANDS 
OF MILES 2 ) 

NUMBER OF 
INSTALLED 
UNITS 

INSTALLED 

ELECTRICAL 

CAPACITY 

(GW) 

ENERGY OUTPUT 
(BILLIONS OF 
(kW-h/yr) 

HIGH 

3.0 

8,960 

13.4 

45 

MODERATE 

53.9 

99,800 

150.0 

433 

LOW 

156.8 

204,800 

307.0 

592 

TOTAL 

214.0 

313,500 

470.0 

1070 


CAPACITY - IF INSTALLED IN YEAR 2000 - 
s28% UTILITY INSTALLED CAPACITY 
= 14% UTILITY ENERGY DEMAND 


Figure 16. Available wind energy at saturation (utility sector) . 

Based on electric demand and capacity growth rate projected to the year 
2000, the tremendous need for filling the capacity requirements can be seen 
( Fig. 17) . At the bottom of the curve, the 470 GW capacity represents wind 
saturation as defined in Figure 16. GE investigated the feasibility of imple- 
menting wind machines between 1980 and 2000 at three varying rates of 
implementation — rapid, medium, and slow. A fourth rate called very rapid 
was investigated which would achieve the 470 GW saturation point by the year 
2000. This became such an overwhelming burden to industry in terms of 
building up plant capacity that it was discarded as not being realistic. Even the 
rapid rate posed serious questions as to the feasibility of reaching approximately 
150 000 installed units by the year 2000. The medium and slow rates of imple- 
mentation were therefore considered as being more realistic and more probable, 
unless the government initiated a crash program shortly after the hardware 
demonstration and test phase. It is reasonable then that 14 percent of demand 
at saturation cannot be achieved in the year 2000, but could likely happen 
sometime beyond that point in time. 
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YEAR 


Figure 17. Wind energy systems implementation rates and 
protected utility capacity. 

In a comprehensive regional study GE is performing for EPRI, a specific 
utility is being studied to determine the economic implications and value of wind 
turbine systems on a regional scale. This kind of planning with conventional 
power generation equipment is being conducted on a regular basis for all utilities 
individually to determine their requirements and their approach to solving their 
future requirements. Figure 18 shows a typical plan that could be achievable 
by the year 1990 and that show wind representing 10 percent of a utility's 
conventional generation capacity. 

Although the largest single sector utilizing electrical power through the 
year 2000 and beyond is the utility sector, other applications were investigated 
and the summary results are shown in Figure 19. Similar guidelines and bases 
for the total number of units installed were used to reach saturation for each of 
these other applications. If some of these applications were considered 
economically feasible, some additional percentage of total demand (over 14 per- 
cent) of the U.S. requirements could be provided by wind turbine generators. 
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APPLICATION 

WECS UNIT 
SIZE (ItW) 

ELECTRIC UTILITIES 

1500 

RESIDENCES 

10 

AGRICULTURE 

35 

PAPER MILLS 

1500 

REMOTE COMMUNITIES 

1500 


MARKET SIZE (SATURATION) 

TOTAL NUMBER 
OF WECS UNITS 

CAPACITY 

(GW) 

ANNUAL ENERGY 
OUTPUT 
(BILLION kWh) 

313,500 

470 

1070 

9,300,000 

93 

207 

780,000 

27 

43 

1,000 

1.9 

2.9 

1,000 1 

1.0 

2.5 



COMPETING 

WITH 

(c/kWhr) 




** EFFECTIVE VALUES FOR APPLICATION, FOR COMPARISON PURPOSES ONLY, 
NUMBERS REPRESENT MIXTURES OF WECS IN DIFFERENT WIND REGIMES. 


Figure 19, Summary of key application characteristics. 
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In another regional study underway at GE, technical considerations 
effecting the utility system’s control and stability with regard to large numbers 
of wind units being installed within that utility are being investigated ( Fig. 20) . 
In this case, the utilities are located in the state of Vermont, located where 
good wind conditions exist. 


• WHAT ARE THE EFFECTS OF WIND VARIABILITY ON AN ELECTRICAL 
POWER SYSTEM CONTAINING A SIGNIFICANT NUMBER OF UNITS? 

• WHAT ENGINEERING INFORMATION DO THE UTILITY AND WIND 
TURBINE GENERATOR DESIGNERS NEED TO KNOW? 

• ARE THERE ANY UNIQUE OPERATIONAL CHARACTERISTICS OR 
INTERFACES ASSOCIATED WITH THE UTILIZATION OF WIND ENERGY 
CONVERSION SYSTEMS? 


Figure 20. System dynamics of multiple wind turbine units. 


Several conditions including numbers and sizes of wind turbine generators, 
main and feeder distribution line tie-ins, and different characteristics of load and 
peaking conditions (all including peaking profile and reactance and resistive load 
characteristics) are being modeled within that area. 

Although the results of the VELCO Transmission Expansion Study (Fig. 

21) are not complete, the chart shown in Figure 22 represents the ultimate 
desired findings in order to be assured that there will be no technical problems 
associated with introducing large scale numbers of wind turbine generators into 
utilities. By carefully selecting representative utilities and equally representa- 
tive potential wind turbine generator system characteristics, GE is fairly 
certain that the results will be achieved. That is, the results of the study are 
generally applicable to the range of utilities and the range of systems under 
consideration, and that no significant impact will result to the utilities from the 
standpoint of system dynamics. 

Since in-depth modeling of the utilities stability and control systems just 
began, GE does not have results yet that establish the conditions hoped for by 
the end of the study. They are, however, fairly confident that the results will 
provide sufficient data to be able to solve any problems that might be uncovered. 
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Figure 21. VELCO Transmission Expansion Study, 


• RESULTS APPLICABLE TO UTILITY RANGE OF WECS 1500 kW AND 3000 kW - 
BOTH SYNCHRONOUS AND INDUCTION 

• RESULTS REPRESENTATIVE FOR MOST U.S. UTILITIES - RESULTS APPLICABLE 
TO GRID-INTERCONNECTED UTILITIES 

• USE OF ENERGY STORAGE FOR STABILITY - NO REQUIREMENT 

• LOGICAL AND REGIONAL WIND VARIABILITY - NO SIGNIFICANT IMPACT ON 
UTILITY DYNAMIC STABILITY 

• FAULT SUSCEPTABILITY AND RECOVERY - SIMILAR TO OTHER GENERATING 
SOURCES OF THIS SIZE 

• WECS STABILITY SENSITIVITY TO LOADS - INSENSITIVE TO VARIOUS TYPE 
LOADS AND GENERATING SOURCES 

• WECS STABILITY SENSITIVITY TO DISTRIBUTION - INSENSITIVE TO VARIOUS 
POWER GRID DISTRIBUTIONS AND SINGLE/CLUSTERED WECS 

• HIGH LEVEL WECS PENETRATION - NO STABILITY PROBLEMS IN IMPLEMENTATION 

OF UP TO 50 PERCENT OF PEAK LOAD 


Figure 22. Desired results of VELCO Transmission 
Expansion Study. 


HARDWARE DEMONSTRATION PROGRAMS 


The hardware demonstration programs currently underway range from 
systems in the small category that satisfy residential and farm uses through 
the first demonstration unit installed at Plumbrook (a 1000 kW unit now in 
operation) to the MOD-1 System (a 1500 kW WTG currently under development 
at GE) shown in Figure 23. 

GE, in parallel with the Kaman Aerospace Corporation, conducted 
parametric design studies which examined the various parameters associated 
with designing large wind turbine generators ( Fig. 24) . It was determined 
early in the study that GE would concentrate on 500 kW and 1500 kW rated 
machines in various wind regimes. The basis of some of these requirements 
emanated from the early design of the Smith-Putnam machine at Grandpa’s Knob, 
Vermont. Later European machines were studied from the standpoint of being 
compatible with utility requirements whose equipment life is at least 30 years. 
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Figure 23. The MOD-1 system. 





POWER LEVEL 

RATED 500 kW ac IN 12 mph V M WITH V R = 16.3 mph 
1500 kW ac IN 18 mph V M WITH V R - 22.7 mph 

CONFIGURATION 

• HORIZONTAL AXIS 2 BLADE PROPELLER TYPE ROTOR ATOP 
SUPPORTING TOWER 

• 50 ft GROUND CLEARANCE 

• ROTOR DOWN WIND OF TOWER 

OPERATIONAL ENVIRONMENT 

• LIFE — 30 YEARS DYNAMIC COMPONENTS; 50 YEARS STATIC COMPONENTS 

• TEMPERATURE -60°F TO 120°F 

• HAIL, RAIN, SNOW, SAND, LIGHTNING, SALT SPRAY, SUN, ICE 

THE DYNAMIC COMPONENTS OF THE SYSTEM MUST BE DESIGNED TO WITHSTAND 
THE FOLLOWING LOAD CONDITIONS: 

• NORMAL CONDITION OF BREAKAWAY, CUT IN, RATED, CUT OUT 

- TORQUE 

- THRUST 

- MOMENTS 

- HORIZONTAL AND VERTICAL INPLANE FORCES 

- CYCLIC EXCITATION 

- GYROSCOPIC 

• WIND DIRECTION CHANGES 

- ±15° FOR V w < V R ; PROPORTIONAL FOR V w > V R 

- 180° IN 30 s 

• WIND SHEAR 

- V/V 0 - (H/H 0 ) N WHEN N = 1/6 AND H Q = 30 ft 

• TOWER SHADOWING 


Figure 24. System design requirements. 

GE found early in the study that the most demanding conditions involved 
system dynamics both during operation and during shut-down in severe weather 
conditions. It was also determined that to assure reasonable economics, the 
system must operate in wind conditions having high variability in wind direction 
and wind speeds caused by gusting. Therefore, the design had to be able to 
operate, react to, and seek the wind from various directions quickly and to 
accommodate changes in wind conditions. Similarly, it was found that the tower 
creates a ’’wall” that limits the wind behind the tower and causes blade deflection 
and difficult dynamics problems on the blades, tower, and other subassemblies. 
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Therefore, the study took on the problem of determining the mechanical 
design and subsystems that would operate acceptably under the nominal operating 
conditions (Fig. 25). 



• OUSTING 

• DIRECTIONAL CHANGES 


• SMART VS STRONG WTG 

• VARIABLE PITCH 

CONCEPT 


• BLADE PITCH ANGLE 


• ON LINE AND OFF-LINE 


Figure 25, Key System design areas 


The curves in Figure 26 represents a typical operating sequence of the 
1500 kW constant speed system. Velocity ratio is top speed to wind speed and 
power ratio is the percentage of power extracted from the power available in 
the wind stream. Depending upon the wind speed, GE will try to operate as 
close to the peak power ratio as is possible. This is shown by the increasing 
sized curves labeled 40, 30, 10, 5, 2, -5 degrees. The degree factor repre- 
sents the pitch angle of the blade. At high wind speeds the air foil operates 
inefficiently at 40 and 30 degrees, dumping some of the excess load. At the 
minimum operational wind speed the system is actually operating at a slightly 
negative angle-of-attack to gain most lift. Both the control system sensitivity 
and the specific air-foil characteristics are equally important to the successful 
design configuration once the wind envelope has been determined. 
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NASA 230 AIRFOIL SECTION 






The 23 000 series airfoil was selected early in the design study because 
it was simple to manufacture and had good operation and stall characteristics. 

To be cost competitive with other energy sources it is necessary to get as close 
to the flat portion of the low cost per kilowatt hour curve as possible. Figure 
27 shows that as the wind apeed or the rotor diameter is increased, the probability 
of achieving lower costs is increased. Since good wind cannot be assured for 
every potential site, larger rotor diameter machines in the moderate and low 
wind regimes will provide the potential for cost competitive power. 
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SMALLER BLADE DIAMETERS 


Figure 27. Cost sensitivity to rotor diameter. 


The optimum 1500 kW system for various wind regimes is shown in 
Figure 28. By maintaining a desired 1500 kW power output, the relative wind 
turbine generator size with increasing annual median wind speeds ( VM) can be 
seen. VR is the rated wind velocity at which the 1500 kW power level is 
generated. 
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Figure 28. Optim 



The system configuration selected for competitive hardware procurement 
for the MOD-1 demonstration program was the 1500 kW wind turbine generator 
( Fig. 29) operating in the high wind regime (i.e. , annual mean wind speed of 
19 mph) . This is the device that is now on contract with GE. Two units will be 
built and installed at two sites described earlier. The schedule for completion 
and operation is mid-1978. 



The characteristics of the MOD-1 1500 kW Wind Turbine Generator 
System are shown in Figure 30. It is interesting to note that the characteristics 
of this system resulted from those parametric design studies that were performed 
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RATED POWER 

RATED WIND SPEED 

CUT IN CUT OUT WIND SPEED 

MAXIMUM WIND SPEED (SURVIVAL) 

ROTOR 

BLADE DIAMETER 
CONE ANGLE 
AIR FOIL 
ROTOR SPEED 
YAW RATE 
TOWER HEIGHT 
DESIGN LIFE 


1500 kW 
22 mph 
11/50 mph 
150 mph 

TWO BLADED DOWN-WIND 
OF TOWER 

203 ft 
10 ° 

23,000 
35 rpm 
0.5° /s 
145 ft 
30 YEARS 


OVERALL CHARACTERISTICS SIMILAR 
TO ORIGINAL CONFIGURATION 


Figure 30. 1500 kW Wind Turbine Generator System Characteristics. 


by both GE and Kaman Aerospace. The driving parameter which led to this 
design configuration was the lowest cost kilowatt hour of energy produced with 
a system that would not require substantial developmental challenges. 


The housing at the top of the tower is called the ’’nacelle" and contains 
most of the power generation equipment (Fig. 31) . From left to right, it 
consists of the rotor and the blade, pitch change mechanism (a derivation from 
helicopter technology) , single main bearing, main shaft, and the low speed flex 
coupling, which connects the main shaft to the speed increased. Since the nacelle 
is operated at 35 rpm and the generator is an off-the-shelf 1800 rpm synchronous 
generator, a rather large speed increased (transmission) is needed. It is a 
three-stage transmission provided by Philadelphia Gear Corporation based on 
designs used for commercial off-the-shelf equipment. There is a high speed 
brake at the end of the transmission, connected to a high-speed flexible coupling 
and then to the generator. At the bottom of the system, the yaw-bearing and 
yaw-drive which drives the nacelle laterally into the wind is actuated by a 
hydraulic system that also actuates the pitch-change mechanism. The control 
system which senses wind-gusting and wind variability conditions is housed in a 
building located below the tower. The central heart of the control system is a 
mini-computer. 


62 





63 


The basic design philosophy requirement was to satisfy steady power to 
a utility with a system made up of equipments mostly off-the-shelf ( Fig. 32) . 


• UTILITY TYPE WIND POWER GENERATOR 

• SIMPLE AND COST EFFECTIVE DESIGN 

- USE OF STANDARD UTILITY PRACTICES, AS FAR AS POSSIBLE 

- COMMERCIALLY AVAILABLE COMPONENTS 

- ELIMINATION OF NON-ESSENTIAL PARTS 

- REDUCE REQUIREMENTS TO NECESSARY MINIMUM 

- REDUCE FIELD ASSEMBLY AND CHECKOUT TIME 

- REDUNDANCIES FOR SAFETY ONLY 

- EASE OF MAINTENANCE 


EMPHASIS IS ON COMPONENT SIMPLICITY AND OFF-SHELF EQUIPMENT 


Figure 32. System design approach/philosophy. 

To arrive at a design compatible with the requirements listed in Figure 
32, an extensive amount of structural dynamics was required and special mathe- 
matical tools were developed to prove the design. The mathematical models 
were tested with actual measured data taken from the MOD-O system located at 
Plumbrook. The MOD-1 program status is that the preliminary design phase 
has just been concluded and long-lead items have been ordered. Fabrication will 
begin later this year. 


• STRUCTURAL DYNAMICS 

- RESONANT FREQUENCY PLACEMENT 

- ADEQUATE DESIGN LOADS (NO OVER DESIGN) 

- MINIMUM SENSITIVITY TO VARIATIONS 

• SYSTEM STABILITY FOR ON AND OFF-LINE OPERATION 

- SELECTION OF GENERATOR CHARACTERISTICS 

- DRIVE TRAIN TORSIONAL CHARACTERISTICS 

- CONTROL SYSTEM RESPONSE 

- UTILITY CHARACTERISTIC 


DESIGN AND OPERATION GOALS REQUIRED IN-DEPTH 
TRADE-OFFS AND ANALYSES 


Figure 33. Key system considerations. 
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Another developmental program underway at Sandia Laboratories at 
Albuquerque, New Mexico is a vertical -axis "darrius" type of wind turbine 
generator (Fig. 34). 



Figure 34. Darrius-type vertical-axis wind turbine. 
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Although the completed engineering design effort leading to economic 
optimization is not as extensive as that performed on the horizontal -axis MOD-1 
type, the vertical axis wind turbine generator has significant advantages that 
must be weighed very carefully ( Fig. 35) . It is likely that the vertical-axis 
machine has good economic potential for certain applications. Both design and 
hardware development are being continued by Sandia for ERDA. 


ADVANTAGES 

- ROTOR OMNIDIRECTIONAL 

- SIMPLE BLADE DESIGN/FABRICATION 

- SIMPLE ROTOR SUPPORT STRUCTURE 

- EASE OF ACCESS TO POWER GENERATION EQUIPMENT 

- SIMPLE CONTROL SYSTEM 

DISADVANTAGES 

- REQUIRES MOTORING TO START 

- VARIABLE TORQUE OUTPUT 

- LOW ROTATIONAL SPEED 

- NON-OPTIMUM BLADE AIRFOIL 


GOOD POTENTIAL - BUT REQUIRES CONTINUED DEVELOPMENT 


Figure 35. Vertical axis advantages /disadvantages. 


FUTURES 


ERDA’s development plan includes a significant degree of continuing 
development and demonstration. 

Prior to formal commercialization of wind energy systems, demonstra- 
tions of larger and more comprehensive developments are in the planning stages 
( Fig. 36) . The most imminent, not yet on the drawing-board but currently being 
completed, is the MOD-2 300 ft wind turbine system for the moderate wind 
regimes. GE has proposed to NASA-LeRC to design and build three of these 
systems, and the proposals are currently in the evaluation stage. Operation is 
scheduled for late 1979 or early 1980. The multiple MOD-1 and MOD-2 pilot 
plants represent demonstration with utilities to prove economic operation. 
Several units of MOD-1 and MOD-2 sizes will be clustered or strung along 
distribution lines to make up a 100 MW pilot plant. A well -developed operation 
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and test program of these demonstrations is designed to prove the technologies 
and the wind power economics, thus paving the way for large scale commercial 
implementation in the kinds of numbers that would achieve a significant power 
generation capacity from the late 1980’s through and beyond the year 2000. 
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RECENT DEVELOPMENTS IN PHOTOVOLTAIC 
ENERGY BY ERDA/NASA-LeRC 


by 

James N. Deyo 


National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 



SUMMARY 


The Tests and Applications Project of the ERDA Photovoltaic Program is 
concerned with the testing of photovoltaic systems and the growth of their use in 
real terrestrial applications. This activity is an important complement to the 
development of low cost solar arrays by providing requirements based on applica- 
tion needs and stimulating markets to create demand to absorb increasing pro- 
duction capacity. A photovoltaic system test facility is now operational, market 
stimulation has been initiated through applications, and standards for terrestrial 
cell measurements established. 


INTRODUCTION 


The Tests and Applications project is concerned with the development of 
terrestrial applications for photovoltaic systems as part of the ERDA National 
Photovoltaic Energy Conversion Program, This work is being conducted through 
a series of coordinated activities to identify practical real applications, build 
and demonstrate systems in such applications, conduct tests to understand and 
improve the characteristics and performance of photovoltaic systems, and 
provide requirements and data from this activity as guidance to ERDA 's develop- 
ment of low cost solar arrays. Solar cell modules for these application systems 
will be purchased by the ERDA program as part of the Low Cost Silicon Solar 
Array Project managed by JPL. These application development activities are 
designed to stimulate the terrestrial market for photovoltaics so that as costs 
are reduced there will be an increasing market demand to encourage the 
expansion of solar array production capacity by industry. 

Supporting these application development activities are tasks concerned 
with: (l) establishing standards and methodology for terrestrial solar cell 
calibration, ( 2) conducting standard and diagnostic measurements on solar cells 
and modules, and (3) conducting real time and accelerated testing of solar cell 
modules and materials of construction under outdoor sunlight conditions. 

Experience and information gained through this project will be used to 
evaluate emerging systems technology, provide systems-related guidance to the 
other projects of the national program, and develop information for future 
photovoltaic program planning. 

Specific activities in each of the major subprojects follow. 
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APPLICATIONS 


Near-Term Applications 

Near-term applications are classified primarily as any terrestrial applica- 
tion which could utilize a photovoltaic power system and be cost-competitive on a 
life cycle basis within the next 10 years (by 1986) . Some of these applications 
exist today but are generally small in power level (<1000 W) and usually remotely 
located. In other instances, the cost-competitive time for photovoltaics is still 
5 to 10 years away and users are unwilling or unable to pay the premium cost to , 
install a photovoltaic system today. In still other cases, the market is latent. 
Many potential users are unaware or unsure of the benefits and the readiness of 
solar cell power for their applications. Unless such users are fully apprised of 
the solar electric option, their entry into the solar cell market may be greatly 
delayed. Experiments and demonstrations specific to the application of a 
potential user should aid and speed the incorporation of solar electric power into 
the users’ operational systems as well as stimulating industry to produce the 
systems. 

To examine the possibilities for stimulating the near-term market, 
several thrusts have been initiated. 

Mini-applications . These involve the selection, design, assembly, and 
deployment of a small number of photovoltaic systems ( 100 to 1000 W) powering 
equipment which is both useful and generally understood by the public. As 
examples of these systems, two photovoltaically powered small refrigerators 
have been assembled and deployed to Isle Royale National Park, Michigan ( Fig. 1) 
and the Papago Indian Reservation, Arizona (Fig. 2), respectively. Public 
information news releases thus far have generated many inquiries both nationally 
and foreign (Australia, Japan, South Africa, etc.). Another application to show 
the public the versatility and availability of photovoltaic power is shown in 
Figure 3. The 1.7 kW solar array shown was used during July, August, and 
September during the Festival of American Folk Life, in Washington, D. C., to 
charge batteries on electric vehicles used by the National Park Service to manage 
the Festival. This display (whole not cost-effective) did provide the many 
visitors to the festival with an opportunity to see photovoltaics at work. Other 
mini-applications, such as water pumping, are being considered for deployment 
in the near fiiture. This activity serves to introduce photovoltaics to the public, 
expand public awareness, and stimulate ideas for applications both domestic 
and foreign. 
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Figure 1. Photovoltaic powered refrigerator used by park personnel 
Isle Royale National Park, Michigan. 
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Figure 2. Photovoltaic powered refrigerator in use on the Papago 
Indian Reservation — Sil Nayka, Arizona. 
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Figure 3. Electric vehicle solar cell battery charging system — Festival 
of American Folk Life — Washington, D.C. 


Cost-shared Tests. A second thrust has involved implementation of 
cost-shared tests of photovoltaic applications relevant to near-term needs of 
user-agencies of government. Agreements have been reached with the National 
Weather Service (NWS) for tests of photovoltaic systems to power six remote 
automated meteorological observation stations (RAMOS) which NWS is developing 
(Fig. 4) . NWS expects to deploy similar systems throughout the U.S. (many in 
remote areas) over the next several years. Solar cells appear to be attractive 
for powering many of these stations. Two systems have also been fabricated 
for use by the U. S. Forest Service on fire lookout towers in Lassen and Plumas 
National Forests, California (Figs. 5 and 6). These systems (300 W each) are 
providing power for lighting, water pumping, refrigeration, and radio communi- 
cations for the tower operator who lives at the lookout during the fire season 
(6 to 8 months each year) . Other cost-shared application tests are being 
identified. In all cases the purpose of the cost-shared test is to provide a way 
for a user agency with a large number of applications to examine the possibilities 
of photo voltaics in his operational climate with the support and guidance of 
another agency. Following successful cost-shared tests the user agency will be 
expected to satisfy his operational needs for photovoltaic systems through 
purchases from commercial sources. 

Mail Solicitation . A third thrust has involved the identification of new 
applications in government through mailings of a descriptive brochure. The 
purpose of the mailing has been to solicit others for needs in order to identify 
a wide range of potential applications for development. Two mailings (800 each) 
have elicited a very encouraging interest and response. These responses are 
now in the process of followup and evaluation. 

Other ideas for stimulating the market for photovoltaic systems are being 
considered and additional thrusts will be implemented. 


Department of Defense Applications 

Energy resources and alternatives are an important concern in the 
operation of the Department of Defense (DoD) . Part of DoD’s interest in investi- 
gating energy alternatives is the consideration of photovoltaic power systems for 
military applications. To help DoD initiate their investigation of photo voltaics , 
support has been provided to design and construct photovoltaic arrays to power 
five initial applications which DoD has selected for demonstration. Peak power 
levels for these applications range from 160 W to 12 kW. Total power require- 
ments are approximately 26. 5 kW. 
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Figure 4. National Weather Service (NWS) remote weather station 
(RAMOS) Mammoth Mountain, California. Similar to 
six additional units planned for ERDA 
application tests. 
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Figure 6. U. S. Forest Service fire lookout — Pilot Peak, 
Plumas National Forest, California. 




System Test Facility 

The objective of the System Test Facility (STF) is to provide a facility 
where photovoltaic systems may be assembled and electrically configured, 
without true physical configuration or arrangement, in a breadboard fashion for 
operation and testing to evaluate their performance characteristics. The STF 
provides a vital support function to the overall Applications Subproject. As a 
”breadboard” system it allows prompt preliminary investigation and checkout 
of components subsystems before they are mounted in more elaborate and visible 
experiments or demonstrations. 

The STF will be one of the first of the large-scale installations (40 kW 
peak in CY77) of photovoltaic systems, and the test results and experience will 
be invaluable to the planning and execution of the later experiments for the larger 
applications that will be identified by the mission analysis and system definition 
projects. Operating experience and system test data are needed to corroborate 
the results of the system analysis studies and to validate and refine the computa- 
tional models used in the analyses. The facility will be available for conducting 
tests needed by all projects of the ERDA Photovoltaic Program. 

The facility is presently operational with approximately 10 kW peak of 
solar cell modules installed ( Fig. 7) . Construction is complete to extend the 
capacity for installation of an additional 30 kW of array. 

Facility Configuration , The facility has been designed to test systems 
both with and without battery storage. For the system with energy storage, a 
54 cell, 48 kW-h lead-acid battery is used in parallel with the solar array. 

The approach chosen was to consider that all photovoltaic power generated would 
be used for test loads, battery charging, or, if in excess, dissipated as heat 
through a shunt regulator. Power to load banks will be furnished in the form of 
a two-wire, 120-V single-phase 60 Hz ac developed through a self-commutating 
dc/ac inverter. This arrangement provides instantaneous back-up power in the 
event of any photovoltaic power system interruption or to cover large peak test 
loads. 


The facility also is capable of testing a system without energy storage by 
using a dc/ac inverter in parallel with the incoming utility line. Inverters of 
this type are designated line-commutated inverters. In this case, excess solar 
array power appearing at the inverter output is fed back through the incoming 
utility line to be used elsewhere in the utility system. In this mode the inverter 
will be controlled to extract power from the solar array at a voltage corresponding 
to maximum power generation. 
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Figure 7. Photovoltaic System Test Facility: NASA-Lewis Research 

Center, Cleveland, Ohio. 



A flexible wiring arrangement has been provided between the arrays and 
power conditioning equipment so that the field of solar cell modules may be con- 
figured into a variety of array arrangements of different voltage and power levels. 

As a first system test, the field array was connected to an assortment of 
loads through an 8 kW line-commutated inverter designed to share the load with 
a utility power source. The test confirmed that when the loads required more 
power than the array could provide, the extra power was drawn from the utility. 
When excess power was generated by the array it was fed to the utility grid. 

The efficiency of the inverter (ac power "out" divided by dc power "in”) was 
measured to be approximately 70 percent at 20 percent of rated power and 90 
percent at 50 percent of rated power. No attempt was made in this early test 
to filter out the harmonic distortion in the output of the inverter. This is planned 
for future tests* 

Electromagnetic interference tests indicated that the level of radiated 
frequencies from the array was indistinguishable from background radiation when 
further than 20 ft from the solar array. In the vicinity of the line-commutated 
inverter there was some interference picked up on the AM broadcast band. This 
disappeared when the AM receiver was removed a few feet from the control 
center where the inverter was located. There was no noticeable difference in 
the quality of TV or FM reception when the power was switched from the utility 
grid to the output of the inverter. Further tests on both radiated and conducted 
interference are planned and will be done as a function of array capacity. 

The effect of shadows on solar cells is being investigated. It has been 
observed that the typical terrestrial solar cell has a very high dark leakage 
current. It has also been found that it is rather difficult to get a true dark 
shadow on a single cell in a module. The cells, as they are encapsulated, in 
modules are typically mounted so that they are approximately 1/8 to 1/4 of an 
inch from the module surface. Some light gets to the shadowed cell from the 
edges in a normal installation. Therefore, the effects of shadowing are not 
likely to be as severe as in space applications where the shadows are deeper. 


STANDARDS AND MEASUREMENTS 

The objective of this subproject is to ensure the availability of reliable 
performance test methods and information for all participants in the ERDA 
National Photovoltaic Conversion Program. To carry out these objectives, a 
number of interrelated tasks are employed to acquire inputs from participants 
in the program, develop test methods, and provide guidance and information back 
to the program participants. 
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Workshops 

Workshops are being employed as a primary means of acquiring technical 
input from program investigators with respect to terrestrial solar cell measure- 
ments. A first workshop was held in March of 1975 and an interim measurement 
procedure manual issued. A second workshop was held November 10-12, 1976, 
at Baton Rouge, Louisiana to refine the interim procedures. Topics addressed 
were (l) terrestrial sunlight and its effect on solar cell performance, (2) solar 
simulation, and ( 3) techniques for cell and array measurement and standard 
cell calibration. 


Reference Conditions and Methodology 

Activities in this task have investigated the variation of standard cell 
calibration coefficients with atmospheric conditions and the error in cell measure- 
ments introduced by spectral mismatch between sunlight, simulator, test cells, 
and standard cells. 

In an effort to determine the sensitivity of solar cell performance to a 
range of atmospheric conditions and insulation components, an insolation 
measurement facility has been set up. The approach is to measure the insulation 
using a solar cell and a black body detector in each of several different orienta- 
tions. Detectors are in place in several orientations (horizontal, horizontal- 
shadow banded, inclined, 37° above horizontal, etc. ) . This facility is now 
operational and data are being acquired. 

The cell measurement facility has been automated with a HP 9830 

calculator-interface bus system. I-V curves, spectral response curves, cell 

dark forward I-V characteristics, and cell V -I characteristics can readily 

oc sc 

be obtained. The data are acquired, calculations made, and results presented 
or plotted using the 9830. Over 4000 measurements have been made for more 
than 60 different organizations in the past year. 

During the last seven months, over 2600 modules from the 46 kW ERDA/ 
JPL buy have been delivered to Lewis. I-V measurements have been made on 
approximately 13 percent of the modules with a pulsed solar simulator. The 
simulator target area is being expanded from 32 in. in diameter to 5 ft by 9 ft. 
Module and array measurements can also be made outdoors using the HP calcu- 
lator system. Temperature and irradiance are measured and corrections made. 
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Interim Reference Cells 

Reference cells are being calibrated and distributed to investigators to 
use in their own facilities so as to standardize measurements and permit call 
characteristics to be compared between investigators more accurately. 

Both silicon cell and cadmium sulfide cell standards have been delivered. 
The calibration coefficients are affected significantly by atmospheric water vapor 
content and turbidity. An updated standard cell holder has been designed and 
fabricated. The main improvement is the field-of-view which allows the cell to 
be used in any orientation. These holders will be distributed as replacements 
for the earlier unit. 


Field Insulation Measurements 

One problem in assessing the performance of photovoltaic systems in 
field applications is the lack of local insulation data. Generally, systems are 
sized based on national insolation data for the region of the test. Local condi- 
tions at the application site may not match the national data. Therefore, a low 
cost insulation recording instrument is being developed. The instrument is 
self-contained and uses a silicon solar cell as a sensor. Field instruments are 
being made for distribution to a variety of test sites. These include all applica- 
tion sites and all endurance testing sites. 


ENDURANCE TESTING 

The objective of this subproject is to determine the endurance of solar 
cell modules and module materials under both accelerated and real-time environ- 
mental conditions of intended use. 

Accelerated outdoor exposure will be used to test cells, modules, arrays, 
and their component materials in concentrated sunshine. Accelerated testing of 
a number of solar cell encapsulant materials was started in July 1974 by the 
Lewis Research Center. Work in this area will be expanded with tests being 
made over a series of controlled environmental conditions (i.e. , temperature 
and humidity) and in the presence of atmospheric pollutants. 

Real-time outdoor exposure tests provide the most accurate measurement 
of life for solar cell arrays and materials. Established testing companies with 
solar insolation and climatic reporting capability are conducting the real-time 
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tests. Several hundred samples are presently being tested under both accelerated 
and real-time conditions. Some solar cell modules from the JPL 46 kW buy are 
showing delamination of the encapsulant around the edges. So far, this has not 
resulted in any noticeable decrease in electrical output. 

Of the polymeric materials being tested (Table 1) , those that show 
promise are FEP Teflon, perfluoro alkoxy, polymethylmethacrylate, polyvinyli- 
dene fluoride, and a sandwich of Tedlar-vexar -polyethylene. 

TABLE 1. SOME MATERIALS UNDERGOING ENDURANCE TESTS 


Accelerated Tests 


FEP-A Teflon with GE 574 adhesive 
FEP-C Teflon with GE 574 adhesive 
Polymethylmethacrylate 
Polycarbonate — UV stabilized 


Real-Time Tests 


Polyurethane 
Quartz 
Kapton 
TIV silicone 
Polyester 

Polyvinylidene fluoride 

Polyvinylidene fluoride copolymer 

TVP — Sandwich of 1 mil UV stabilized Tedlar 

Vexar plastic grid — 3/4 in. mesh UV inhibited 
polyethylene 


CONCLUSIONS 


Several near-term applications have been fabricated and installed at field 
sites for testing. Arrays for DoD applications have been delivered and testing 
initiated. The System Test Facility at NASA-Lewis Research Center has become 
operational. Considerable progress and understanding has been gained regarding 
the problems and variables of terrestrial measurements of solar cells and 
modules. During the coming year, increased emphasis will be placed on the 
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stimulation of the market for photovoltaics and the fielding of additional near-term 
application tests. Emphasis will also be increased on breadboard system testing, 
endurance testing, and the refinement of measurement techniques. All of these 
activities will provide a greatly increased base of real terrestrial data concerning 
photovoltaic systems to help guide and focus the ERDA Program on the critical 
problems to be solved. 
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Ocean thermal energy conversion (OTEC) is a power generation concept 
which utilizes the thermal difference present between surface and deep ocean 
waters iii the tropics. Of all the solar energy options, OTEC is unique in its 
ability to produce huge chunks of electric power, virtually uninterrupted, day 
and night throughout the year. These characteristics of OTEC have a number 
of ramifications: 

1 . OTEC does not require a man-made energy storage system . The 
ocean itself provides the storage. 

2. OTEC could be of interest to utilities because power plants rated at 
hundreds of megawatts can be base-loaded and integrated with the national grid. 

3. The commercial demonstration of OTEC requires huge sums of 
money and the only source for funds at present is the Federal Government. 

A schematic of an OTEC cycle is depicted in Figure 1 . Warm surface 
water is pumped through an evaporatoe to produce ammonia ( or other suitable 
substance) vapor . Cold water is pumped from the deep to keep a condenser 
cool and thus create a low pressure in the condenser . The difference in 
pressure between the evaporator and condenser causes the vapor to rush to the 
condenser and in so doing drives a turbo-generator. The condensed ammonia 
is pressurized by the pump before it is fed into the evaporator to close the cycle. 

A key issue in OTEC design and cost is the heat exchanger ( evaporator/ 
condenser) , Early studies by researchers at universities and industry have 
concluded that with cost effective heat exchangers, OTEC can be economically 
viable. Accordingly, in Fall 1976, ERDA initiated an aggressive development 
program focused on heat exchangers with the intent that in Fall 1977 a programatic 
decision will be made to chart the future course of the program . Figure 2 
illustrates the parallel activities currently underway to achieve the program 
goals stated. 

In 1977, five heat exchangers rated at 3. 2 M Btu/h will be tested at a 
newly constructed facility at Argonne National Laboratory . Cleaning methods 
to remove marine fouling will be evaluated in the summer of 1977. ERDA is in 
the process now of negotiating a contract with TRW, Inc. , of Los Angeles to 
build a 1 MW evaporator and condenser for testing at sea. For this purpose, 

the Hughes Mining Barge (HMB) a companion vessel to the famous Giomar 
Explorer has been acquired by ERDA . The HMB is being modified and equipped 
so that it can serve as a test platform for the 1 MW g heat exchangers . 
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Figure 3 shows ERDA's schedule for OTEC requests for proposals from 
industry which has beeh issued. Proposals are now being evaluated in the 
following areas: power system development, hull shape selection, underwater 
electric cable design, and many others. 

Figure 4 summarizes the major findings of two major independent studies 

conducted in 1974-75 . Figure 5 illustrates the series of hardware development 

culminating in a 25 MH or larger module. Figure 6 shows three shell and tube 

0 

heat exchanger ( evaporator) concepts which ERDA is actively pursuing. Two 
condenser concepts, a horizontal and vertical, shell and tube are also being 
studied. In addition, various shell -less heat exchangers now at the bench scale ' 
stage are being investigated . Enhancements of heat transfer on the shell and the 
water-side are being pursued. Questions of manufacturability of large units, 
choice of material, and the effect of the ocean environment on OTEC components 
are underway as illustrated in Figure 7 . In Figure 8 a schematic is shown of 
the accelerated core test facility being readied at Argonne for Fall 1977 . This 
is a heat exchanger test loop to simulate actual OTEC conditions. 

In conjunction with heat transfer, the other critical items are biofouling 
of heat transfer surfaces and corrosion of metal exposed to seawater. Figures 
9 and 10 illustrate the scope of this effort . 

The logic behind the use of the HMB as an Early Ocean Test Platform 
(EOTP) is depicted in Figures 11 and 12. 

Before the availability of the ocean thermal resource for U.S. exploitation 

and the possible missions for OTEC is discussed, it will be instructive to 

recapitulate the progress of the technology to date and to discuss the pending 

problems . The cold water pipe necessary to transport the deep ocean water to 

the condenser is a huge conduit. Its length will range between 2000 to 4000 ft 

and the diameter, for a 100 MW plant, approximately 50 ft. The early baseline 

© 

designs of industry employing state-of-the-art technology indicated the need for 
platforms the size of a football field and a few stories high. Such structures are 
being built today for the North Sea oil and gas technology. However, a hull/ 
platform 130 ft in diameter and 100 ft deep is a major engineering challenge. 

The OTEC sites available to the U.S. are the Gulf of Mexico, New Orleans, 
Key West, Brownsville, Hawaii, Puerto Rico, Virgin Islands, and various atoles 
in the Pacific . For most of these sites , direct electric transmission using 
underwater high-voltage dc cable is contemplated. Once the power is brought to 
shore, it can be integrated with the existing grid. Most likely, the presence of 
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cheap OTEC power would stimulate the industrial growth of the region. For 
plants located in the open seas, where high temperature difference can be 
identified, OTEC power could be used to produce various chemicals and energy 
intensive products: ammonia and aluminum refining. Of tremendous potential 
to the U . S . is the creation of an OTEC industry to manufacture OTEC plants in 
the U.S. for export to many nations possessing a good thermal resource. 

Present projection of OTEC cost is about $ 170-0 AW using corrosion 
resisting titanium heat exchangers . The use of aluminum would drop the cost 
to $1250 AW and with various improvements in the technology the cost might be 
dropped below $1000AW for near U.S. site and even lower for open-sea, 
equatorial sites . To this cost we must add the transmission and the chemical 
conversion cost as applicable . In summary , ERDA is looking seriously at the 
ocean thermal energy conversion concept as a solar resource of tremendous 
economic potential to the U.S. and the rest of the world. The impact of OTEC 
cannot be near-term, nor can the technology be proven overnight. However, 
ERDA is vigorously pursuing the concept and has evolved a rational and orderly 
plan for the exploitation of this renewable, pollution-free, and hopefully 
economic resource. 


EVAPORATOR 



Figure 1 . Schematic of an OTEC power cycle . 
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Figure 2. Developmental summary of parallel activities currently underway to 

achieve OTEC program goals. 
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Figure 3 . Test article development schedule . 


• MODULAR CONSTRUCTION 
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• HEAT EXCHANGERS ARE CRITICAL 
COMPONENTS 

• DETERMINE EFFICIENCY 

• REQUIRE 55% OF COST 

• 50% COST REDUCTION - NEAR CERTAINTY 


Figure 4. Engineering evaluation studies by TRW/Lockheed. 
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Figure 7. Critical issues — heat exchange. 



Figure 8. Accelerated core test facility — component layout. 


• CAN WE QUALIFY ALUMINUM AS AN ENGINEERING 
MATERIAL? 

• CAN WE CLEAN ENHANCED SURFACES? 

• CAN WE CLEAN PLATE TYPE HEAT ESCHANGERS? 

Figure 9. Biofouling and corrosion-critical issues. 


93 





— 

COMPLETION 

1 

I PROJECT 

DATE 

ANTICIPATED RESULTS | 

SITE STUDIES - BlQ FOULING, 1 

CORROSION, AND OCEAN DATA 1 

• SITE 1 - HAWAII {WARM WATER) 

10/77 

BIOFOULING RATE DATA 

• SITE 2 - ST. CRQiX, V.l. (WARM 

9/78 

B10F0ULING RATE DATA 

AND COLD WATER) 



* SITE 3 -GULF OF MEXICO 

9/78 

BIOFOULING RATE DATA 

I (WARM WATER) I 

PREVENTION AND CONTROL Or 

9/77 

DATA FROM THREE 

FOULING ON HEAT EXCHANGER 


MECHANICAL AND TWO 

TUBES 


CHEMICAL TESTS 


9/78 

• DATA FROM MULTITUBE 
TEST OF CLEANING 
METHODS 

• SELECTION OF 
METHOD 

CORROSION STUUIES ON ALUMINUM 

9/71 

• DATA FROM PITTING 

AND TITANIUM 


AND CORROSION 
FATIGUE TESTS 

• ALLOY SELECTION 

COLD-WATER CALCAREOUS 

9/78 

• COLD-WATER TESTS 

I DEPOSIT EVALUATION 1 



• SELECTION OF 
PROPER CLEANING 
METHOD 

HULL PROTECTION AND 

9/77 

SELECTION OF CLEAN* 

CLEANING 


ING METHOD FOR 
PLATFORM 


Figure 10. Biofouling and corrosion projects. 



Figure 1 1 . Heat exchanger and development program . 


• TEST PROGRAM ACCELERATION 

• EARLY ACQUISITION OF OPERATIONAL DATA 

• TEST LOCATION MOBILITY 

• COST/RISK/BENEFIT ADVANTAGES 

• OPERATIONAL FLEXIBILITY 

• AVOIDANCE OF LAND ACQUISITION PROBLEMS 

• ENVIRONMENTAL IMPACT CONCERNS MINIMIZED 

• FAVORABLE PROGRAM VISIBILITY 


Figure 12. EOTP-1 concept attributes. 
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INTRODUCTION 


The Energy Research and Development Administration is sponsoring 
research and development programs to study the utilization of solar energy for 
the production of electrical power. These programs are broad and cover the 
following four basic techniques for electrical energy generation: 

1 . Solar thermal systems 

2. Photovoltaic systems 

3. Ocean thermal systems 

4. Wind systems. 

The solar thermal efforts are divided between the distributed systems 
which are used to generate low pressure-low temperature steam and the central 
receiver systems which generate medium pressure-high temperature steam . 

It is these systems which seem closest to being advanced to the pilot plant stage. 
These programs are under the direction of Mr. George M. Kaplan of ERDA 
Headquarters . 

This paper will only summarize the efforts underway on the central 
receiver solar thermal power system. At present, four contractors have 
completed studies on these types of system. Three of these contractors, 

Martin Marietta, Honeywell, and McDonnell-Douglas, have reported on their 
studies of the preliminary design of a 10 MW Solar Thermal Pilot Plant and 

the conceptual design of a commercial size solar thermal power plant. The 
fourth, Boeing Engineering and Construction Company, studied only the collector 
system, one of the major solar peculiar elements of solar thermal power systems. 
In addition, ERDA has selected a site near Barstow, California, for the con- 
struction of a 10 MW^ solar thermal power plant. The successful team in the 

competition for the pilot plant site was headed by Southern California Edison 
Company. This fall, it is expected that proposal requests will be issued for the 
solar peculiar elements of this pilot power plant . The objectives of this pilot 
plant will be to prove technical feasibility; to prove economic feasibility; and to 
gain development, production, and operational experience with this type of 
power plant. 
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The central receiver solar thermal power plant efforts are moving forward 
rapidly. These systems are taking advantage of knowledge and techniques 
developed in both the Skylab and Viking programs , particularly in the fields of 
optics, heat transfer, and system controls. Thus, this effort, sponsored by 
ERDA, is one of many making use of developments of the space age to help solve 
one of today's socio-economic problems; that is, harnessing the Sun’s energy, 
an inexhaustable fuel source , for the generation of electric power . 


SOLAR CENTRAL RECEIVER 5 YEAR MILESTONE SCHEDULE 


ERDA's schedule for the efforts currently being pursued on the Solar 

Central Receiver Project is shown in Figure 1* The middle and upper segment 

of the schedule show the efforts connected with the 10 MW Pilot Plant. The 

e 

lower segment show the effort connected with construction of the National Solar 
Thermal Test Facility (STTF) by Sandia Corporation at Albuquerque, New 
Mexico. 
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The preliminary designs for the 10 MW Pilot Plant by Martin Marietta, 

© 

Honeywell, and McDonnell-Douglas have been completed and system evaluation 
and selection by ERDA is in process . The efforts completed by these three 
contractors consisted not only of design but also of system research experiments 
(SRE) on the solar subsystem to obtain the necessary design data. In the fall of 
this year, proposal requests are to be issued for the procurement of the solar 
peculiar subsystems. 

The site of the 10 MW Pilot Plant has been selected at Bar stow, Cali- 

e 

fornia. The site was selected based upon the successful proposal of a team 
headed by Southern California Edison Company . ERDA and Southern California 
Edison are currently evaluating the solar peculiar subsystems resulting from 
the study efforts. These efforts will result in specifications for the solar sub- 
system for which proposals are to be submitted this fall. It is expected that the 

10 MW Pilot Plant will reach an operational status in January, 1981. The long 
0 

lead procurement items are currently being determined and ordered. This is 
mainly the turbine-generator subsystem , 


The third effort is that of construction of the STTF. This effort is 
managed by Sandia Corporation and is being constructed on their site at Albuquer- 
que, New Mexico. Currently, 78 heliostats have been installed and the tower is 
almost complete. The heliostats are designed, fabricated, and installed by 
Martin Marietta Corporation. The 78 heliostats result in a power of over 


1 MW 


thermal ' 


Another 144 heliostats will be installed by October, 1977, and 


50 heliostats are to be ordered to bring the power to 5 MW^ fl at the test 
area on the tower. 


MARTIN MARIETTA TEAM CENTRAL RECEIVER SOUR 
THERMAL POWER SYSTEM 


Figure 2 shows a schematic of the Martin Marietta proposed central 
receiver solar thermal power systems . The collector subsystem consisting of 
heliostats reflects solar energy into the receiver cavity. This energy is 
absorbed by the tubes of the receivers boiler and superheaters to generate steam 
at 1550 psig and 960° F. This steam then passes through the receiver downcomer 
and can either be admitted to the turbine generator subsystem or to the thermal 
storage subsystem. The steam enters the turbine at a pressure of 1350 psig and 
a temperature of 950° F, and is discharged at a pressure of 2,5 in. Hg. The 
steam is then condensed to water and is then pumped to the proper pressure and 
preheated by turbine steam and then reenters the receiver boiler elements . 
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If the steam enters the thermal storage subsystem, it is used to heat 
other fluids to a higher temperature, but below their boiling points, in order to 
store energy in the form of sensible heat for use when solar energy is not 
available. The system in the schematic first cools the steam to saturated con- 
ditions against a thermal storage salt and then condenses the steam against 
thermal storage hydrocarbon oil . To generate steam with the thermal storage 
subsystem, the cycle is reversed with the water being boiled against the oil and 
the steam being superheated against the salt. Steam from the thermal storage 
subsystem enters the turbine at a pressure of 400 psig and a temperature of 
800 °F at an admission point downstream of the main admission inlet. 

A master control subsystem is required to control the power plant, to 
monitor operational parameters, and to record operational data. This sub- 
system uses a computer to transfer commands to the collector subsystem and 
for the calculation of performance data. The plant operational control is per- 
formed by the operators, and the computer is used for command transmission 
only to the collector subsystem . 

The new elements of the central receiver solar thermal power system 
are the collector subsystem, the receiver subsystem, and the thermal storage 
subsystem . The turbine-generator subsystem is the same as that of a con- 
ventional power system, and the plant is controlled in the same manner as 
conventional plant except for the use of the computer in controlling the collector 
subsystem . 


PRELIMINARY DESIGN 10MW e CRSTPS PILOT PLANT 

Figure 3 shows a rendering of the 10 MW Pilot Plant preliminary design 

as submitted by Martin Marietta. The north facing tower containing the cavity 
receiver is shown with the collector field located entirely north of the tower. 

The turbine- generator subsystem, administration building, and thermal storage 
subsystem are located around the base of the tower. 

The collector field contains 1554 heliostats each with a collector area of 
441 ft 2 . The reflector is a second surface, float glass low iron mirror which is 
1/8 in. thick. At the design point, 2:00 p.m. on June 21, the collector field 
transmits 67 percent of the available solar energy to the receiver inlet. The 
receiver cavity inlet is 24.5 ft 2 and the center is 295 ft off the ground. The 
receiver has an energy conversion efficiency of 94 percent. At the design con- 
dition of 10.8 MW gross power, the turbine- generator has an efficiency of 
0 

33.5 percent. This results in an overall efficiency of 19.4 percent for the pilot 
plant. 
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Figure 3. Rendering of preliminary design 10 MW g CRSTPS pilot plant. 








The thermal storage has a design capacity to supply steam to generate 
7.6 MW gross power for a 3 h period after a 20 h hold. The energy efficiency 

G 

of the thermal control subsystem is 91 percent. When operating on steam from 
the thermal storage subsystem, the turbine efficiency is 27.9 percent. 

This pilot plant occupies an area of 128 acres. 


COMMERCIAL PLANT CONFIGURATION 

The 150 MW Commercial Plant as submitted by Martin Marietta is 
e j 

shown in Figure 4. This plant collector subsystem consists of 15 modules, each 
identical to the collector subsystem of the Pilot Plant. This results in a total of 
23 300 heliostats and 15 tower-receiver elements. This modular concept 
results in a lower development cost for the Commercial Plant and also improves 
overall plant reliability. 

The single turbine-generator and thermal storage subsystem are in the 
triangles between the collector modules and are single units . The turbine- 
generator is a 160 MW commercially available unit. The thermal storage sub- 

system consists of nine hydrocarbon oil tanks and two salt tanks . 

The overall gross efficiency of this plant is 25 . 1 percent when operating 
on receiver steam. The plant occupies an area of 1498 acres. The cooling 
tower is located such as to provide the least shading of collector subsystem 
from the Sun. The prevailing wind will normally set the site of the cooling 
tower. 


PILOT PLANT HELI0STAT CONCEPTS 


Renderings of the heliostat design concepts being proposed by the four 
contractors are shown in Figure 5. The concepts proposed by Martin Marietta, 
Honeywell, and McDonnell -Douglas are designed to be compatible with a particu- 
lar type of receiver configuration. The receiver concepts are shown in a later 
figure . 


The concept proposed by Martin Marietta consists of nine prefocussed 
mirror facets mounted on a yoke assembly. Each facet is individually oriented 
to give overlapping images at the receiver inlet . Each facet is a second surface 
mirror using low iron float glass. The entire assembly is rotated about the 
azimuth and elevation to track the Sun. 
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The concept proposed by Honeywell consists of four focussed mirror 
facets located in a frame which is tilted about two axes to track the Sun. Each 
mirror facet uses a second surface mirror using low iron float glass . 

The concept proposed by McDonnell -Douglas consists of mirror segments 
located in an octagonal frame. This frame is located on a single pedestal mount 
and is rotated about the azimuth and elevation axes to track the Sun. Each 
mirror segment uses a front surface mirror plated on to float glass . The mirror 
segments are not focused . 

The concept proposed by Boeing consists of a aluminized mylar surfaced . 
stretched over a ring. The assembly is located on a single pedestal mount and 
is rotated about the azimuth and elevation axes to track the Sun. The entire 
assembly is located within a pressurized Tedlar enclosure for environmental 
protection. 


HELIOSTAT SUBSYSTEM RESEARCH EXPERIMENT 


The heliostat concept proposed by Martin Marietta is shown in more 
detail in Figure 6. The nine mirror assemblies are each 7 ft 2 with a total area 
of 441 ft 2 . The control is by an open-loop pointing system which uses a computer 
to calculate the solar coordinates and a microprocessor at the heliostat to deter- 
mine the azimuth and elevation gimbal angles . A 13 bit encoder measures both 
these gimbal angles for comparison with the calculated angles . 

The heliostat is anchored in the ground using a cassion which is 15. 5 ft 
deep . At night and during inclement weather the heliostat is stowed face down for 
protection and cleanliness . Also the heliostat is stowed face down during high 
winds ( 50 mph) to reduce the angle-of-attach and, thus, reduce the loads on the 
structural assembly. 


UNIQUE SAFETY HAZARDS OF CRSTPS 


The Martin Marietta collector test area located at their facility in 
Waterton, Colorado, is shown in Figure 7. This facility consists of four helio- 
stat test sites which represent selected locations in the 10 MW g Pilot Plant 

collector field. The solar flux was measured by both a calorimator and radiom- 
eter rake . These were located 289 ft above the calorimator locations and thus 
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simulated the Pilot Plant receiver tower , The calorimator had an opening which 
was 24.5 ft 2 and, thus, it simulated the Pilot Plant receiver cavity. The calorim- 
ator was used to measure the heat input from single and multiple heliostat beams 
and the radiometer was used to measure the heat input from a single heliostat 
and also to measure the solar flux profile. 

The photograph on the left of Figure 7 illustrates the safety hazards 
associated with solar power systems when one is near the focal plane, i.e. , 
concentrated light and heat. In the Pilot Plant, each heliostat focuses 33.7 kW 
thermal of energy into the focal zone . The heat energy and light energy in the 
visible regime from several multiple beams is sufficient to quickly cause eye 
damage to the retina and burns to exposed skin. In addition, multiple beams 
contain sufficient energy to melt a steel plate as was recently demonstrated at 
the STTF using 63 of their heliostats . 


STTF HELIOSTAT FIELD 


Various views of the heliostat field and tower for the STTF being built 
by the Sandia Corporation for ERDA at Albuquerque, New Mexico are shown in 
Figure 8. The heliostats are supplied by Martin Marietta. Each of the heliostats 
consisted of 25 mirror facets which are focusable and use laminated float glass 
in which the second surface is silvered for reflection . The total area of each 
heliostat is 400 ft 2 . 

Currently 78 such heliostats have been installed, and installation has 
started on a second group of 144 heliostats. This installation will be complete 
in October, 1977. An additional 50 heliostats will be required to complete the 
facility and bring the energy level to 5 MW thermal. With the current 78 helio- 

G 

stats, the energy level is in excess of 1 MW g thermal. 


PILOT PLANT RECEIVER CONCEPTS 


Figure 9 shows the receiver concepts for the 10 MW Pilot Plant proposed 

by Martin Marietta, Honeywell , and McDonnell- Douglas , Each of these receivers 
is located on a tower . For the Martin Marietta concept, the tower faces north 
towards the heliostat field while the collector fields for the other two concepts 
surround the towers . 
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Figure 9. Pilot plant receiver concepts. 


The Martin Marietta concept is a cavity receiver with front facing opening . 
This receiver employes a conventional design as used in fossil fueled power 
plants and uses separate boiler and superheater sections . This receiver uses 
natural circulation. 

The Honeywell concept is a cavity receiver with a bottom facing opening. 
This receiver also uses conventional design techniques and has a separate boiler 
and superheater . 

The McDonnell -Douglas concept is an external configuration in which the 
impinging solar energy is conducted through the cover plates into the tubes 
which are single pass boiler and superheater . This concept is similar to the 
cooling system of a rocket engine . 


CENTRAL RECEIVER STEAM GENERATOR 
DEVELOPMENT PERSPECTIVE 


Martin Marietta has completed the design, fabrication, and testing of a 
i MW cavity receiver under a separate ERDA contract. In addition, a 

5 MW^ermal sca * e ^odel of the cavity receiver for the 10 MW g Pilot Plant was 

also designed, fabricated, and tested. 


Figure 10 shows photos of the 1 receiver and drawings of 

the 1 MW,, , receiver for the Pilot Plant which is rated at a maximum of 

thermal 

52.3 MW,, . . The 1 MW,, , receiver has been tested using both IR 
thermal thermal 

heater lamps at the Sandia facility in Albuquerque, New Mexico, and solar energy 
at the CNRS solar furnace in Odeillo, France. The weight of these three units 
is 17 500 lb; 180 000 lb; and 400 000 lb, respectively. 


PERSPECTIVE VIEW, CNRS PARABOLA AND FOCAL BUILDING 
WITH 1 MW therma , CAVITY RECEIVER IN OPERATION - 

SUMMER 1976 


Figure 11 shows the 1 -M-^hermal receiver in the focal building of the 

CNRS solar furnace at Odeillo, France, This receiver required a flux redirector 
to spread out the concentrated solar flux of the solar furnace within the receiver . 
Also shown is the parabolic concentration of this facility. 
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CNRS FACILITY HELIOSTATS 


Figure 12 shows the 63 heliostats at the CNRS solar furnace. These 
heliostats are flat and have an area of approximately 400 ft 2 . The heliostats 
are gimballed in both azimuth and elevation, and use a closed-loop pointing 
system. These heliostats redirect the solar energy to this parabolic reflector. 

CNRS SOLAR LABORATORY AND FOCAL BUILDING DURING 
1 MW th RECEIVER TEST OPERATION - SUMMER 1976 

Figure 13 shows the parabolic reflector of the CNRS facility. This 
facility was originally built to test high temperature ceramics and can create 
temperatures of 6000° C in the focal zone. The reflection of the test cell, with 
the 1 MW^ erma j receiver installed, can be seen in the parabolic reflector . 

RECEIVER SRE AND TOWER 

Figure 14 shows the 5 M^hermal rece * ver during the radiant heat testing 

at the Sandia facility in Albuquerque, New Mexico . This receiver was designed 
and fabricated by Foster Wheeler Development Corporation under subcontract 
to Martin Marietta. The radiant heat lamps are inserted into the cavity through 
the front opening. Doors cover the opening to minimize any heat leakage. 


THERMAL STORAGE SUBSYSTEM 


A scale model of the thermal storage subsystem was also constructed 
and tested . This effort was conducted by Georgia Institute of Technology under 
subcontract to Martin Marietta. The tests were conducted at Newman, Georgia 
and used steam from the Georgia Power Company station located at this site. 
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Figure 13, CNRS Laboratory, parabolic concentrator and focal building. 
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PERSPECTIVE VIEW OF THERMAL STORAGE SYSTEM 
RESEARCH EXPERIMENT 


Figure 16 shows a rendering of the thermal storage SRE. The two hydro- 
carbon oil tanks with their heat exchangers , and the two salt tanks with their 
heat exchangers are also shown. The hot and cold temperatures of both the oil 
and salt are shown. This SRE duplicated operation of the thermal storage sub- 
system with the exception that it used a single heat exchange system for both 

charge and discharge. The 10 MW Pilot Plant proposed concept for the thermal 

6 

storage system uses independent heat exchange systems for charge and discharge . 
This independent charge and discharge system increases the operational 
flexibility of the plant . 


TOTAL ANNUAL HOURS OF SUNSHINE 


Solar thermal power generation is most feasible if the power plants are 
located where there is a large amount of sunshine . There are also certain 
advantages associated with operation at lower latitudes . 

Figure 17 shows the areas in the United States in which the annual number 
of sunshine hours is high. These areas are in the "sunshine belt" and contain 
portions of the states of California, Nevada, Utah, Arizona, New Mexico, and 
Colorado. A solar thermal power plant located in this area would be of maximum 
utilization and the electrical power could be distributed throughout the United 
States by the national grid. This does not say that solar thermal power plants 
can not be located in other portions of the United States , but the viability would 
be more dependent upon economics . 

The question of economic viability of solar thermal power generation has 
recently been studied by the Aerospace Corporation and by the Electrical Power 
Research Institute, Inc. , (EPRI) . Both of those organizations have concluded 
that solar thermal power generation is most suited for the grid intermediate 
power load range in that it can be economically competitive and its output 
matches the power load requirement. The intermediate power load is approxi- 
mately 25 percent of a system total power load . Their conclusion is that by 
1991, when commercial size solar thermal power plants have been developed, 
solar power will be competitive with fossil -fuel or nuclear-fuel power plants 
based upon a capitalization period of 30 years . This is predicted upon the 
reduction of the collector subsystem cost to about $ 10 per square foot of 
collector area. 
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(without supporting structures). 
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FUTURE EFFORTS 


The central receiver solar thermal power program is being vigorously 
pursued in the United States by ERDA . Technical feasibility has been demon- 
strated by the studies just completed by Martin Marietta, Honeywell, and 
McDonnell-Douglas and have shown that no new technology developments are 
required. However, studies are still required to obtain the lowest costs possible 
on the solar peculiar subsystems , particularly the collector subsystem . 

Other efforts are also in progress to increase the performance of central 
receiver solar thermal power plants. ERDA is to soon request proposals to 
study some advanced systems which use liquid sodium or a high temperature 
salt as the heat transfer medium in the receiver . EPRI is currently funding a 
study using Brayton cycle in which the air is heated by solar thermal energy. 

Europe is also starting to develop central receiver solar thermal power 
plants . France operates a central receiver solar thermal power plant at the 
CNRS solar furnace in Odeillo, France . The European Energy Organization is 
currently planning a joint venture to design, fabricate, and operate a 500 kW g 

central receiver solar thermal pilot plant in Spain. In addition, Spain is also 
planning to design, fabricate, and operate a 1.5 MW central receiver solar 
thermal power plant. 

Many important and interesting efforts are in progress which have the 
ultimate goal of the development of central receiver solar thermal power plants . 
However, continued efforts must be undertaken to demonstrate the economic 
viability of central receiver solar thermal power generation. 
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The preoccupation of man with materials and processes (with technology) 
is a relationship as old as humanity itself. For example, the fist-axes of the 
general type used as meat cleaver tools by Paleohithic man have been dated 
as early as 1. 5 million years B.C. ! Paleohithic man had to know how to do 
everything himself, every man was a technologist. For hundreds of thousands 
of years, all the technical skills, and materials and processing knowledge of 
the entire human race were carried around in the human head, and it meant 
that every man was a materials expert and a tool processor. Materials and 
processes applications did not change much for the next 1.4 million years, until 
about 28 000 B.C. when Cro-Magnon man began to use antler and bone artifacts. 

The first real breakthrough in materials and processes came about 2500 
B.C. when our first metallurgists, the Sumerians, learned how to alloy Sn and 
Cu to make bronze. This was followed relatively rapidly (in about 1300 years) 
by the Iron Age at about 1000 B. C. From this period on, we are all reasonably 
familiar with the continuously accelerating pace of technology development to 
the present time. 

What’s the technological significance of this history ? 

There are some inescapable inferences in the previous discussion. First, 
the discovery and use of new materials and processes has by no means occurred 
simultaneously in all cultures the world over. The Bronze and Iron Ages, for 
example, occurred at different times at different geographical locations. 
However, one thing is certain — the initial discoverer usually had a decided 
technological, political, and practical advantage. 

Some believe the reason for the chronologically staggered development 
previously mentioned is due to the existence of a discernible challenge that 
forces a hard cutting edge of technology. Something analogous to this is 
occurring at MSFC. The challenge of designing and building the Space Shuttle 
system is providing some tangible spinoffs and useful technology for the private 
sector. 
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As has often been stated, one of this nation's most vital resources is 
technology. However, just like any other resource, technology must be applied 
if it is to be useful. Properly utilized, technology can improve our jobs, our 
health, our homes, and our future. And, like other types of resources, how 
effectively we use technology will not only impact the quality of our lives, but 
also that of future generations. 

Without a doubt, the foremost pioneer and motivating force in the field 
of technolology utilization has been NASA. In 1958, the law creating NASA con- 
tained a specific provision mandating "the widest practicable and appropriate 
dissemination of information concerning its activities and results thereof. " In 
those days, NASA was breaking new ground not only in space research, but also 
in applying the results of that research to nonaerospace applications. Since then, 
NASA has stimulated progress in many areas only remotely related to the purpose 
of its original research. 

One of the areas in which industry has benefited enormously from the 
results of space research is in new materials and processes. It would be 
impossible to cover the entire spectrum of developments in these fields which 
could be traced back to NASA. Therefore, the remainder of this discussion will 
focus on highlights of several of the technologies which have been successfully 
transferred, areas of recent and current research which offer future potential, 
and a new program NASA has initiated to speed up transfers of this type — the 
Manufacturing Applications Team. 

One area that quickly comes to mind when considering materials which 
have resulted from aerospace research is anticorrosion coatings. Needless 
to say, corrosion is a major problem in such field as bridge construction, 
off-shore oil rigs, and pipelines in the marine industry. Traditionally, coatings 
used for these applications have relatively short lifetimes (4 to 6 years) , 
frequently require two coats, and are expensive. A zinc-rich silicate paint, 
originally developed by NASA's Goddard Space Flight Center, has been adapted 
and commercialized for these applications. Because of a special binder, this 
paint exhibits longer life and superior adhesive characteristics over those 
previously used. In many instances only a single coat of paint is needed rather 
than the traditional two coats. Additionally, the silicate paint also covers more 
area per gallon and costs less to purchase. Thus, this new coating offers 
advantages in lower materials costs, reduced labor hours to apply, and fewer 
applications over a given time span. One study has estimated that there is a 
$2 billion annual market in applying coatings of these types, therefore, the 
economic payback can be very real indeed. 
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Fire retardant coatings is another example where NASA technology has 
resulted in improved materials. These coatings were originally developed as 
part of the heat shielding and fire retardant systems for manned spacecraft. 

They are now commercially available and are receiving wide acceptance in con- 
struction of office buildings, manufacturing plants, schools, and a variety of 
other buildings. The coating contains a subliming compound which vaporizes 
without melting at a certain temperature, absorbing heat in the process. The 
coating is sprayed or brushed onto building components such as steel beams, 
electrical cables, etc. When the coating compounds sublime, they absorb heat 
from the flame as well as from a porous char layer which serves as a highly 
efficient insulation. In this manner they retard flame spread and delay ignition . 
of combustible materials. 

Similarly, polyurethane foams developed for insulating the Saturn rocket 
have been used as insulation by boat manufacturers. Such insulation is needed 
for insulating such areas as fish storage compartments. The polyurethane foam 
is used in place of cork and fiberglass and provides better, cheaper, and more 
reliable insulation. To date, more than 40 tuna boats have been insulated in 
this fashion. 

Safer tires is another area where NASA developed materials have made 
an impact. A flexible rubber originally developed for the mobile equipment 
transporter used during the Apollo 14 mission, coupled with fibers developed 
for shroud lines for the Viking lander, have been used by Goodyear to develop 
a new winter radial snow tire for automobiles. Conventional tires lose their 
pliability below freezing. However, this new rubber remains pliable even at 
-95° F. The fiber used in the cords of the tire have a chain-like molecular 
structure that gives it incredible strength in proportion to its weight. On a 
pound -per -pound basis it is five times stronger than steel. Goodyear started 
production of these tires in 1974. 

Energy absorbing foams first used by NASA’s Ames Research Center 
in the design of aircraft passenger seats have also found their way into applica- 
tions in other areas. This particular material is an elastomeric, open-celled 
foam which exhibits three times the shock absorbing capacity of previously used 
materials. Applications have included foams for body protection, linings for 
football helmets, baseball chest protectors, and padding in soccer shin-guards. 
In addition to athletic applications, the foam is also being used in wheelchairs, 
x-ray table pads, and off-road vehicle seats. This material exhibits such shock 
absorbing characteristics that it is claimed a 3 in. thick pad can absorb all 
the energy from a 10 ft fall by an adult. 


131 



Needless to say, a discussion of materials which have resulted from 
space research could go on almost indefinitely, and would certainly include 
areas such as advanced composites, new alloys, lubricants, special polymers, 
and many others. 

As far as processing is concerned, the fruits of NASA technology have 
been equally as widespread. For example, NASA fracture-toughness tests 
originally devised to check spacecraft structures helped one farm implement 
manufacturer select materials which would enable the design of larger, more 
durable plows. These larger plows, coupled with more powerful tractors, have 
helped to increase productivity by 10 percent in this area. These same fracture- 
toughness testing techniques have also been used by electric utilities and nuclear 
pressure vessel manufacturers for detecting flaws which might lead to brittle 
fractures. 

The use of computer aided techniques for test, inspection, and diagnosis 
is another area where industry has benefited significantly because of NASA’s 
pioneering efforts. For example, technology contained in an environmental 
control and life support system developed for a prototype space system included 
a subsystem to monitor the performance of various items of equipment, detect 
failures, and identify specific malfunctioning units. This subsystem provided 
a springboard to a commercial, computer-operated diagnostic system for 
isolating malfunctions in trucks and autos. In just 25 min, it can run through 
a total auto health check comparing operation of each part with factory specifica- 
tions. This system is employed by used car, and even new car dealers to 
satisfy customers that the vehicle they are buying is in tip-top shape. In use 
at repair stations, the system not only identifies trouble it also tells the 
mechanics — and the customer — why a faulty component is bad and how it may 
be fixed. After repairs have been made, a second printout shows the customer 
that the problem has been corrected. 

Although not processing per se, structural analysis is another area where 
NASA has substantially advanced the state-of-the-art. Computer aided design 
techniques which enable engineers to create mathematical models of space 
vehicles and simulate their performance were developed by NASA some time 
ago. This technique enables engineers to study performance and structural 
behavior of a number of different designs before settling on the final configuration 
and proceeding with construction. From this base of aerospace experience, 

NASA ’s Goddard Space Flight Center developed the NASTRAN general purpose 
computer program, which offers an exceptionally wide range of analytical 
capability with regard to structural design. NASTRAN has been applied to autos, 
trucks, railroad cars, ships, nuclear power reactors, steam turbines, bridges, 
and office buildings. NASTRAN is essentially a predictive tool. It takes a look 
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at a computerized representation of a design and determines how the structure 
will react under many different conditions. It can, for example, note where 
high stress levels will occur and identify potential failure points that need 
strengthening. Conversely it can identify over-designed areas where weight 
and material might be safely saved. NASTRAN can also evaluate how pipe 
stands up under strong fluid flow, now metals are affected by high temperatures, 
how buildings will fare in an earthquake, or how powerful winds will cause a 
bridge to oscillate. NASTRAN is quick and inexpensive. It minimizes trial and 
error in the design process and makes possible better, safer, lighter structures 
while affording large scale savings in development time and materials. Because 
NASTRAN is widely employed in industry, it represents an enormous national 
economic benefit. One study estimated that in the period from 1971 to 1984, 
NASTRAN will return more than $ 700,000,000 to U.S, economy. 

These are only a few of the highlights of some cases where NASA technology 
has improved industrial processing. There are numerous other examples in areas 
such as test and inspection, welding procedures, contamination control, tooling, 
cryogenics, instrumentation, safety, and material handling. 

The future potential for successful transfer of NASA technology to non- 
aerospace industries looks extremely bright. For example, a novel composite 
material developed through Ames Research Center’s continuing studies on high 
temperature space materials may be useful for better brake linings. One of 
several compositions which have been fabricated demonstrates increased wear 
resistance and lower costs over conventional brake lining materials. It also 
exhibits a constant coefficient of friction at temperatures as high as 650° F, a 
region where conventional brake linings fade markedly. These new materials 
should substantially reduce maintenance and replacement costs in public 
vehicles and also assist the trucking industry in increasing braking capability 
in response to a directive issued by the National Highway Traffic Safety 
Administration. 

Recent work by Langely Research Center can potentially improve our 
ability to separate nonferrous metals from industrial scrap and, thereby, reduce 
raw material costs through recycling. The technique used for separating the 
scrap is based on the concept of ferrofiuids, which are suspensions of magnetic 
particles whose apparent density can be varied by regulating the gap between an 
electromagnetic field. This concept was originally developed by NASA to control 
liquid propellants under zero gravity conditions. The ferrofluid is magnetically 
sensitive and ferrous materials in a molten state will sink because of their 
higher density, whereas nonferrous materials will float. This technique is 
currently in a pilot plant development stage and has been used to separate 
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aluminum, zinc, and copper from various types of scrap. The Air Force is 
also working on separating titanium chips using the process. The ferrofluid 
concept is also being used for rotary shaft seals to provide zero leakage, low 
maintenance, and easy installation on rotary shafts protruding into vacuum 
processing systems. 

There are many other NASA technologies which have potential applications 
in nonaerospace industries which will be discussed later in this document. 

The presentation’s final topic of discussion is NASA's new Manufacturing 
Applications Team (MATeam). As the name implies, the MATeam is composed 
of technical experts who will work with professional societies, industrial 
associations, various government agencies, and individual companies to define 
significant and widespread manufacturing problems and identify the appropriate 
space technology for potential solutions. In addition to identifying appropriate 
technologies, the team, in cooperation with NASA and industrial organizations, 
will attempt to demonstrate solutions by conducting applications engineering 
work in developing prototypes when appropriate. That is, the team will actively 
pursue the transfer and implementation of technologies similar to those described 
earlier in the presentation. 

One might wonder why NASA has started the MATeam program in light 
of its past successes in technology transfer. To understand the reasons behind 
the MATeam, one must first have an appreciation of the fundamentals of NASA ’s 
technology utilization program. In short, the purpose of the technology utiliza- 
tion program is to bridge the gap between NASA technology and industry applica- 
tion. To accomplish this, NASA relies on four major types of activities: 
publications, information centers, applications projects, and application teams. 
Each activity has a well-defined role to play in technology transfer . The publica- 
tion program is aimed at disseminating information concerning NASA technology. 
The information centers, of which there are 12 scattered around the country, 
are a source where individuals and companies can go to have the vast storehouse 
of NASA information searched in view of their needs. Applications projects 
are special efforts aimed at solving a particular problem using specific NASA 
technologies. Applications teams, however, are set up to actively pursue the 
application of NASA technology to a specific sector of the economy. They are 
intended to fill the gap between the person or organization with the need and the 
person or organization with the solution. 

Past experience has shown that one of the most effective ways to accom- 
plish technology transfer has been through applications teams. Until recently, 
NASA has concentrated its applications teams' activities in the areas of bio- 
medicine, transportation, and the needs of state and local governments. The 
MATeam is the first applications team directed to solving manufacturing problems 
through the application of aerospace technology. 
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During the first year of the program the team will concentrate its efforts 
on working with manufacturing industries in such areas as machine tools, heavy 
equipment, and electronics assembly. If the concept is successful the team will 
expand its scope of operation to include other industries in the future. 

In closing, it should be noted that probably the most important impact 
that technology transfer can have is on our overall national productivity. During 
the past ten years, productivity gains in the U.S. have been lagging considerably 
behind those of Western Europe and Japan, and one of the ways to reverse this 
trend is through the application of more advanced technologies. Thus, it 
becomes vitally important to the long range well-being of our country to 
maximize the transfer and application of these technologies. 
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EVALUATION AND CONTROL OF ENVIRONMENTAL 
CORROSION FOR ALUMINUM AND 
STEEL ALLOYS 


by 

D. B. Franklin 
Corrosion Research Branch 
Materials and Processes Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



Because of the extreme demands placed on corrosion protective systems 
for aerospace application, extensive evaluation of a variety of protective coatings 
and sealants is required. For steel alloys zinc-rich coatings have been found to 
be most effective. For aluminum alloys chromate pigmented systems have 
proven most useful. Evaluation and control of stress corrosion is also required 
to insure the structural and functional integrity of aerospace components. Based 
on a comprehensive test program coupled with experience associated with a 
variety of practical applications over the past several years, techniques and 
procedures for control of stress corrosion have been developed. The most 
effective method for control of stress corrosion is the selection of materials 
which are inherently resistant to stress corrosion failure under the anticipated 
environmental conditions. 


• LOW SAFETY FACTORS 

• EXTREMELY HIGH RELIABILITY 

• REDUNDANCY 

• HIGH QUALITY CONTROL STANDARDS 

• UNIQUE ENVIRONMENTAL CONDITIONS 

• REUSEABILITY 


Figure 1. Aerospace requirements for corrosion control. 


• STORAGE 

• STANDBY FOR LAUNCH 

• AERODYNAMIC HEATING 

• QUENCH IN SEAWATER 

• SEAWATER IMMERSION 

• CLEANING 

• REFURBISHMENT 


Figure 2. Shuttle SRB environmental cycle. 




• SYSTEMS FOR STEEL 
-SAND BLAST 

- RED-LEAD EPOXY PAINT SYSTEM 

- ZINC-RICH EPOXY PAINT SYSTEM 
PROTECTION AT BARE AREAS. 

- 500° F TEMPERATURE (SHORT TIME) 

• SYSTEM FOR ALUMINUM 

- CONVERSION COAT 

- CHROMATE PIGMENTED EPOXY PAINT SYSTEM 

- 300° F TEMPERATURE (SHORT TIME) 

-HIGH GLOSS FOR EASY REFURBISHMENT. 


Figure 3, Corrosion protection systems. 
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CONVERSION COAT * CHROMATE FREE PRIMER 


NO CONVERSION COAT l CHROMATE FREE PRIME H 


Figure 5. Effect of surface treatment and primer coatings on 
corrosion protection of aluminum. 


• STRUCTURAL JOINTS 

- POLYSULFIDE - 300°F 

-SILICONE - 500° F REQUIRES SPECIAL PRIMER 

• ZINC CHROMATE PUTTY 
-50Q°F TEMPERATURE LIMIT 

- ALLOWS PARTS TO BE REMOVED 

- PERMITS ELECTRICAL BONDING 

• CHROMATE INHIBITED GREASE 

- 250° F TEMPERATURE LIMIT 

- ALLOWS LEAK CHECKS TO BE MADE 

- EASY REMOVAL AND REPLACEMENT 

• KRYTOX 240AC GREASE 

- COMPATIBLE WITH HYDRAZINE 

- ALLOWS LEAK CHECKS TO BE MADE 

• CALCIUM GREASE (PRELIMINARY EVALUATION) 

- EXCELLENT CORROSION RESISTANCE 

- RESISTANT TO WATER IMMERSION 


Figure 6. Sealants. 
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• PRIMARY FACTORS INVOLVED 
-HIGH RELIABILITY 

- LOW SAFETY FACTORS 

- ENVIRONMENTAL CONDITIONS 

• CONDITIONS FOR STRESS CORROSION 

- SUSCEPTIBLE MATERIAL 

- SUSTAINED TENSILE STRESS 
-CORROSIVE ENVIRONMENT 

- TIME 


Figure 9. Control of stress corrosion. 



Figure 10. Typical stress corrosion failure. 
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• ENVIRONMENTALLY INDUCED CRACKING 


- SMOOTH SPECIMEN 

- DIFFERENT STRESS LEVELS 

- TIME TO FAILURE VERSUS STRESS (THRESHOLD STRESS) 

• ENVIRONMENTALLY ENHANCED FLAW GROWTH 

- PRECRACKED SPECIMEN 
-CRACK GROWTH 

- STRESS INTENSITY - NO CRACK GROWTH (K jSCC ) 

Figure 12. Stress corrosion test methods. 



Figure 13. Smooth specimen test. 


* 



Figure 14. Precracked specimen test. 
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• SELECTION OF RESISTANT MATERIALS 

- MSFC-SPEC-522 

- CONTROL OF HEAT TREATMENT 
-CONTROL OF FABRICATION PROCESS 

• CONTROL OF STRESSES 

- STRESS RELIEVE 

- ELIMINATION OF INTERFERENCE FITS 

- SHOT OR ROD PEENING 

• CONTROL OF ENVIRONMENT 

- PROTECTIVE COATINGS 

- ELIMINATION OF MOISTURE 

- INHIBITORS 


Figure 15. Methods for controlling stress corrosion. 


HIGH RESISTANCE 

LOW RESISTANCE 

1000 SERIES 

2011-T3 

2011-T8 

2014 

2024*-T6, T8 

2017 

2219-T6, T8 

2023-T3, T4 

3000 SERIES 

7001 

4032-T6 

7039 

5000 SERIES 

7075-T6 

6000 SERIES 

7079-T6 

7076-T73 

7178-T6 

7475-T73 

7475-T6 


* LIMITATION ON SPECIFIC FORMS 


Figure 16. Stress corrosion resistance of aluminum alloys 





HIGH RESISTANCE 

MODERATE OR 
LOW RESISTANCE 

300 SERIES 


400 SERIES 


21-6-9 


AM350 

SCT850 

A-286 


AM355 

SCT850 

AM-350 

SCT1000 

PH 13-8 Mo 

H950 

AM-355 

SCT 1000 

15-5 PH 

H9Q0 

PH 13-8 Mo 

HI 000 

17-4 PH 

H900 

15-5PH 

HI 000 

PH 15-7 Mo 

RH950, TH1050 

17-4PH 

H1000 

17-7 PH 

RH950, TH1050 

PH 15-7 Mo 

CH900 



17-7PH 

CH900 




Figure 18. Stress corrosion showing dependence on grain direction. 
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• STRENGTH LEVEL - 160 TO 200 ksi 

• THRESHOLD STRESS - 90 ksi 

• KISCCMWV^ 

- INITIAL FLAW SIZE - 0.050 DEEP X 0.100 LONG 

- STRESS REQUIRED FOR FLAW GROWTH - 24 ksi 

• PROCEDURE FOR CONTROL 

- MEASURE ASSEMBLY STRESS 

- NOE 

- SURFACE PAINTED AND JOINTS SEALED 

- PAINT STRIPPED AND SURFACE REINSPECTED 
AFTER EACH FLIGHT 


Figure 19. D6AC steel (SRB motor case). 


• CORROSION CONTROL 

- SINC-RICH COATING - STEEL 

- CONVERSION COAT + CHROMATE COATING - ALUMINUM 

- SEALANTS - FAYING SURFACES 

• STRESS CORROSION 

- EXTENSIVE TESTING AND EVALUATION 

- SELECT MATERIALS WITH INHERENT STRESS 
CORROSION RESISTANCE. 


Figure 20 


Summary, 






POLYURETHANE ADHESIVE WITH IMPROVED 
. HIGH TEMPERATURE PROPERTIES 


by 

James M. Stuckey 
Polymers and Composites Branch 
Materials and Processes Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



Dupont’s Adiprene L-315 polyurethane resin with Hysol EA 9322 activator 
will cure at room temperature to give useful bond strengths over the temperature 
range of -184°C to +149°C (-300°F to +300° F) . The paste activator mixed with 
the liquid polyurethane resin provides an easily processible system with a pot 
life in excess of 1 h. 


• MSFC POTENTIAL INTEREST 

1. TO BOND INSULATION ON AFT SKIRT OF THE SOLID ROCKET 
BOOSTER 

a. REFURBISHMENT 

2. TO BOND INSTRUMENT ISLANDS ON THE LOX TANK OF THE 
EXTERNAL TANK 

a. HOT PRESSURIZING GASES MAY RAISE BONDLINE 
TEMPERATURE TO 177°C 

• PRIVATE INDUSTRY POTENTIAL INTEREST 

1. INSULATION OF CRYOGENIC TANKS AND LINES THAT MAY BE 
EXPOSED TO ELEVATED TEMPERATURES 


Figure 1. Aerospace and private industry areas of potential interest. 


HYSOL EA 9322 A/B* POLYURETHANE ADHESIVE 
FORMULATION 

EA 9322 A RESIN 100 pt 

EA 9322 B ACTIVATOR (EMULSION) 33.6 pt 
DOW CORNING D. C. Z-6040** 1.0 pt 


POT LIFE 


4 hr 


TEST TEMPERATURE 


TENSILE SHEAR STRENGTH 


23.9 

93.3 

148.9 


(°F) 

(75) 

( 200 ) 

(300) 


kN/W 

9720 

3930 

NIL 


(psi) 

(1410) 

(570) 

NIL 


* HYSOL DIVISION, THE DEXTER CORPORATION 

** GAMMA-GLYCIDOXYPROPYL TRIMETHOXY SILANE 
bCH 2 CHCH 2 0(CH 2 ) 3 SI(OCH3)3 


Figure 2. Polyurethane adhesives investigated. 
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DuPONT LIQUID URETHANE RESINS 


ADIPRENE L-100 

ADIPRENE L-315* 

AVAILABLE ISOCYANATE CONTENT, % 

4.10 ±0.20 

9.45 ±0.20 

CURING AGENT, MOCA**, PPH 

11.5 

29 

POT LIFE, MINUTES 

120 

1-3*** 

TENSILE STRENGTH, kN/m 2 

27 580 

55160 

(psi) 

(4000) 

(8000) 

HARDNESS, DUROMETER A 

90 

99+ 

DUROMETER D 

43 

79 

* DuPONT LIQUID URETHANE ELASTOMER 



** 4,4'-METHYLENE-BIS-(2-CHLORO ANILINEJ-SUSPECTED CARCINOGEN 

*** POT LIFE IN EXCESS OF 1 h WHEN CURED WITH EA 9322B ACTIVATOR 


MATERIAL 

FORMULATION "A" FORMULATION "B" j 

ADIPRENE L-315 

100 pt 


100 pt 

EA 9322B (EMULSION) 

72 pt 


60 pt 

D.C.Z-6040 

3 pt 


3 pt 


TENSILE SHEAR STRENGTH 


23.9°C (75° F) 

93.3° C (200° F) 

148.9° C (300° F) 

CURE 

kN/m 2 (psi) 

kN/m 2 (psi) 

kN/m 2 (psi) 

FORMULATION "A" 

72 h AT 71°C 

14 130 (2050) 

2620* (380)* 

124** (18)** 

14 DAYS AT R.T. 

10 960(1590) 

3590 (520) 

2070 (300) 

28 DAYS AT R.T. 

12 200 (1770) 

4270 (620) 

2830 (410) 

FORMULATION "B" 

72 h AT 71°C 

17 170 (2490) 

3520* (510)* 

310** (45)** 

14 DAYS AT R.T. 

10 890(1580) 

3590 (520) 

2480 (360) 

28 DAYS AT R.T. 

14 550 (2110) 

5170 (750) 

3100 (450) 

* TESTED AT 121.1°C (250°F) 
** TESTED AT 176.7°C (350°F) 




MATERIAL 

FORMULATION 


ADIPRENE L-100 

100 pt 



EA 9322B (EMULSION) 

34 pt 



D.C. Z- 6040 

1.5 pt 




TENSILE SHEAR STRENGTH 


23.9°C (75° F) 

93.3° C (200° F) 

148.9°C (300° F) 

CURE 

k/Nm 2 (psi) 

kN/m 2 (psi) 

kN/m 2 (psi) 

48 h AT 71° C 

9860 (1430) 

4270 (620) 

1310 (190) 

15 DAYS AT R.T. 

7240(1050) 

3310 (480) 

69 (10) 


Figure 2. (Continued) , 
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TENSILE SHEAR STRENGTH - CURED AT R.T. 


TEST TEMPERATURE L-315 FORMULATION "A" L-315 FORMULATION "B" L-100 FORMULATION 


°c 

(°F) 

kN/m 2 

(psi) 

kN/m 2 

(psi) 

kN/m 2 

(psi) 

-184.4 

(-300) 

34 060 

(4940) 

35 100 

(5090) 

36 270* 

(5260)* 

23.9 

(75) 

12 200 

(1770) 

14 550 

(2110) 

7 240 

(1050) 

93.3 

(200) 

4 270 

(620) 

5 170 

(750) 

3 310 

(480) 

148.9 

(300) 

2 830 

(410) 

3 100 

(450) 

69 

(10) 

176.7 

(350) 

34 

(5) 

55 

(8) 

NIL 

NIL 


♦ALL SPECIMENS BROKE IN HOLDING FIXTURE. 



CURE: 

24 h ROOM TEMPERATURE PLUS 

168 h AT 71°C 

MATERIAL 

FORMULATION NO. 1 FORMULATION NO. 2 

FORMULATION NO. 3 

ADIPRENE L-315 

100 pt 

100 pt 

100 pt 

EA 9322B (EMULSION) 

72 pt 

60 pt 

60 pt 

D.C. Z-6040 

2 pt 

2 pt 

3 pt 



TENSILE SHEAR STRENGTH 



23.9°C (75° F) 

121. 1°C (250°F) 

176.7° C (350°F) 


kN/m 2 (psi) 

kN/m 2 (psi) 

kN/m 2 (psi) 

FORMULATION NO. 1 

19 720 (2860) 

4550 (660) 

1100(160) 

FORMULATION NO. 2 

17 170 (2490) 

3240 (470) 

1140(165) 

FORMULATION NO. 3 

17 930 (2600) 

4410(640) 

1240 (180) 


Figure 2. (Concluded) . 


• ADIPRENE L-315 WITH EA 9322 ACTIVATOR WILL CURE AT ROOM 
TEMPERATURE TO GIVE USEFUL BOND STRENGTHS OVER THE 
TEMPERATURE RANGE OF -184°C TO +149°C <-300° F TO +300°F) 

• TO OBTAIN ANY STRENGTH AT 177°C (350° F), AN EXTENDED CURE 
AT 71°C (160°F) OF APPROXIMATELY 150 h IS NEEDED 

• THE PASTE ACTIVATOR MIXED WITH THE LIQUID POLYURETHANE 
RESIN PROVIDES AN EASILY PROCESSIBLE ADHESIVE SYSTEM WITH 
A POT LIFE IN EXCESS OF 1 h 


Figure 3. Conclusions. 
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POTENTIALLY IMPROVED GLASSES FROM 
SPACE ENVIRONMENT 


by 

Ronald Nichols 
Ceramics and Coating Branch 
Materials and Processes Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



Utilization of the space environment for processing glasses may prove 
to be advantageous based on the absence of gravity driven convection, lack of 
sedementation, and the benefits of containerless processing. Ground-based 
studies have been conducted where the potential of processing glasses has been 
evaluated for laser window, optical, lasing, and magneto-optical glasses. 
Present flight opportunities allow further investigation of these materials. 


• AVOIDANCE OF SEDIMENTATION AND DEFORMATION 

• ABSENCE OF GRAVITY DRIVEN CONVECTION 

• CONTAINERLESS MELTING 

Figure 1. Advantages of processing glasses in 
low gravity environment. 


• LASER SYSTEMS 

• FIBER OPTICS 

• OPTICAL GLASSES 

• electronic components 

• LASER FUSION TARGETS 

Figure 2. Potentially improved products. 


• IMMISCIBILITY 

• NUCLEATION AND CRYSTALLIZATION 

• ULTRA HIGH PURITY 

• FINING 

• GLASS SEALING 

Figure 3. Phenomena to be explored. 


• APPLICATION - HIGH POWER LASER FOR NUCLEAR FUSION 
REACTORS 

• ADVANTAGE - INCREASE ACTIVE ELEMENTS WHILE AVOIDING 
DEVITRIFICATION 

• GROUND BASED STUDIES - NUCLEATION AND CRYSTALLIZATION 
MECHANISMS OF Nd-DOPED GLASSES 


Figure 4. Space processing of laser glasses. 
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• APPLICATION - LASER WINDOWS AND Iff FIBER OPTICS 

• ADVANTAGE - ULTRA PURITY TO REDUCE ABSORPTION 

• GROUND BASED STUDIES - OPTIMIZE TECHNIQUES TO 
IMPROVE TRANSMISSION PROPERTIES OF Ge 28 Sb 12 Se 6Q 
GLASS 


Figure 5. Space processing of chalcogenide glasses. 



Figure 6. Transmission properties of chalcogenide glass. 


• APPLICATION - MULTIELEMENT LENSES 

• ADVANTAGE - EXTEND GLASS FORMATION REGION OF 
METAL OXIDES 

• GROUND BASED STUDIES - AIR SUSPENSION CONTAINERLESS 

MELTING 


Figure 7. Space processing of unique optical glasses. 
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80w/oG^O 3 t20,w/oC « OGtASS 


■' 1 

mlmm m 


Figure 10. Glass boules produced by laser melting. 


• APPLICATION - MAGNETO OPTICAL DEVICES 

• ADVANTAGE - FORMATION OF GLASS-CERAMICS WITH HIGH 
CONTENT OF ACTIVE ELEMENTS 

• GROUND BASED STUDIES - DETERMINE OPTIMUM MELTING 
CONDITIONS FOR OUTER SPACE 


Figure 11. Space processing of glass-ceramics — overview. 


• MATERIAL - IRON BORATE TRANSPARENT FERROMAGNETIC 

• FARADAY ROTATION PROPERTIES 

• REASONS FOR SPACE PROCESSING 

- GLASS WITH 17% Fe 2 0 3 CANNOT BE PREPARED ON EARTH 

- ELIMINATION OF PHASE SEPARATION AND HETEROGENEOUS 
NUCLEATION 

- VALUE OF CONVERTING TO GLASS-CERAMIC 


Figure 12. Space processing of glass-ceramics — objectives 




• UNIQUE ENVIRONMENT OF SPACE 

• COST EFFECTIVE PRODUCTS 

• BEHAVIOR OF GLASSES IN LOW-g ENVIRONMENT 


Figure 13. Glass processing summary, 




REAL TIME COMPUTER CONTROLLED 
WELD SKATE 


by 

William A. Wall 
Laboratory Support Branch 
Materials and Processes Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



A real time, adaptive control, automatic welding system has been 
developed at MSFC. This system utilizes the general case geometrical relation- 
ships between a weldment and a weld skate to precisely maintain constant weld 
speed and torch angle along a contoured workpiece. While proven to work with 
the Gas Tungsten Arc (GTA) weld process, it is also adaptable to other weld 
processes as well as for heli-arc cutting and machine tool routing operations. 

Outside the aerospace industry, it is believed that this development has 
potential uses in the shipbuilding, automotive, storage tank, outdoor sign, solar 
collector, and other commercial industries. Significant savings in both time and 
money can be realized by eliminating the need for programming and/or precise 
weld tooling. Thus, for perhaps the first time, it may be economically feasible 
to automatically weld parts which could hitherto only be joined manually. 


MAINTAIN: 

• WELD SPEED CONSTANT ± 3 percent 

• TORCH ANGLE ± 1 degree 

• CROSS SEAM GUIDANCE ± 0.032 in. (±0.8 mm) ACCURACY 

• USE CONVENTIONAL COMMERCIAL WELD POWER 
SUPPLIES AND WELD PROCESSES 

• REDUCE OVERALL COST OF AUTOMATICALLY WELDING 
BOTH LARGE AND SMALL COMPLEX SHAPES 


Figure 1. Computer skate with arc guidance performance goals. 
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Figure 2. Multicell test tank GTA welder. 



Figure 3. Straight to curves weld contour* 



Figure 4. Reverse track and work situation. 
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Figure 5. Torch vector and rotational speed diagram 

SKATE SPEED » V c * V^RTl) COS* 

TORCH ANGLE ■ * - 1 ARC SINE 

v t 

Figure 6. Mark I speed and torch angle. 



Figure 7. Prototype lab model, Mark I weld skate. 
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CHORDAL SUPfORT 



Figure 8. Mark III weld skate geometrical diagram. 



Figure 9. Mark III weld skate vector relationship at torch tip. 



• TORCH ANGl£ * * ARC SIN* ■ V R + v c ( r ) ' 


Figure 10. Mark III configuration formula. 
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ANCLE ROTATION 
9.5 W /SECMAX 

ROTATIONAL POINT Of WELD TORCH TIP 

WIRE FEEDER MECHANISM 
/pQt\AZ (ROTATES WITH TORCH) 

TORCH ANGIE MANIPULATOR 
SKATE CARRIAGE 
■0, POT 

:4>\fecj \ XDOUBlf CHAIN 

km ferA tc ff* 

FOLLOWER AXIS 
(TYPICAL 2 PIS) 


V c CARRIAGE VELOCITY 
0-48 ipm 40-122 cnr,/mlft.i 


ACTUATOR (ARC HEAD) 
DRIVE MOTOR 
TACHOMETER FOR V 0 (dU 


CROSS SEAM 
TRAVEL t?’(S cm) 

< ^ 



Figure 10. Mark III weld skate. 



Figure 11. Mark III weld skate on test track, 





FERROLUBRI CANTS 


by 

A nn Whitaker 

Lubrication and Surface Physics Branch 
Materials and Processes Laboratory 


George G. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 
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Magnetic fluids have been formulated into stable suspensions which have 
potential applications as bearing lubricants in switches, rotary shaft seals, and 
separation processes. Various classes of lubricants have been formulated into 
magnetic fluids and are currently being included in the design of rolling element 
and journal type bearings. The advantages of utilizing magnetic fluids in bearings 
are that little or no maintenance will be required in these systems. The bearings 
currently being designed have application both to high speed, high load, and 
high-speed lightly-loaded industrial equipment. 


• FERROLUBRICANTS (MAGNETIC FLUIDS) - NEW CONCEPT OF 
FLUID LUBRICATION 

• FERROFLUID PROPERTIES 

- RESPOND TO MAGNETIC FIELDS 

- 1000 GAUSS FLUIDS FORMULATED 

- RANGE OF VISCOSITIES 

- TEMPERATURE CAPABILITIES TO 300°F 

• ADVANTAGES 

- INNUMERABLE FLUIDS CONVERTED TO FERROFLUIDS 

- CONTAINMENT AND MANEUVERABILITY OF FLUIDS 
FACILITATED BY THEIR MAGNETIC SUSCEPTIBILITY 

- LUBRICANT SYSTEM FLUID LOSS CAN BE REDUCED 

• POTENTIAL USES 

- BEARING LUBRICANTS 

- ROTARY SHAFT SEALS 

- SWITCHES 

- SEPARATION PROCESSES 

- FLUID MAGNETIC LEVITATION 


Figure 1. Ferrolubricants . 




OIL 


PROPERTIES 


KRYTOX 143AZ 
(PERFLUORINATED ETHER) 

KG -80 

(HIGHLY REFINED MINERAL OIL) 

BRAYCOTE 813 
(PERFLUORINATED ETHER) 

FOMBLIN Z 

(PERFLUORINATED ETHER) 


GOOD LUBRICANT 
VACUUM STABLE 
INERT 

FAIRLY STABLE IN VACUUM 
GOOD LUBRICANT WITH EP 
ADDITIVES 

SIMILAR TO KRYTOX 143AZ 
BUT WITH HIGHER VISCOSITY 

VACUUM STABLE 
HIGH VISCOSITY INDEX 


Figure 2. Oils chosen for conversion to ferrolubricants. 


PHYSICAL 

KRYTOX 143AZ 


KG-80 

BRAYCOTE 813 

PROPERTY 

BASE 

FERRO- 

BASE 

FERRO- 

BASE 

FERRO- 

AT 75° F 

OIL 

LUBRICANT 

OIL 

LUBRICANT 

OIL 

LUBRICANT 

SURFACE 

TENSION 

(dynes/cm) 

16 

15 

35 

32 

23 

22.5 

DENSITY 

(gm/cc) 

1.86 

1.91 

0.87 

0.92 

1.85 

1.90 

VISCOSITY 

(cp) 

30 

37 

130 

150 

940 

— 

VISCOSITY 
(cp) (MAG. 
FIELD 

PERPENDICU- 
LAR TO 
ROTATION 


50 


225 




Figure 3. Physical properties of 100 gauss ferrolubricants at 75° F. 
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FUNCTIONAL TESTS 

• THERMAL CYCLING 

• VISCOSITY TESTS AS FUNCTION OF: 

-TEMPERATURE 
- VARIOUS SHEARING RATES 

• ABRASION/POLISHING CHARACTERISTICS IN 
R4 BEARING TESTS 


Figure 4. Functional properties of 200 gauss KG-80 ferrolubricant. 



d-4 BEARING RACE R- 4 8EA RING RACE AFTER 2 X 10 8 REV AT 

Figure 5* Ferrolubricated R-4 bearing tests. 



R-4 BEARING 8AU. !H SEARING 8AU. AFTER 2 X IS* REV AT 

MB.lfcireiHWrciAH STOSS 

Figure 6. Ferrolubricated R-4 bearing tests. 
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7007' 


NON MAGNETIC 



Figure 7. Ferrolubricated ball bearing. 



Figure 8. Ferrolubricated journal bearing. 


• 815Z OIL CONVERSION STUDIES 

• FERROLUBRICATED BALL AND JOURNAL BEARING 
TESTS 

• EXTEND STUDIES TO OTHER BEARINGS 

• APPLICATION TO INDUSTRIAL PROCESSES 


Figure 9. Future work in ferrolubricants. 
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PROCESSING ON HIGH EFFICIENCY SOLAR 
COLLECTOR COATINGS 


by 

Marion Roberts 

Chemical and Non-Metal Processes Branch 
Materials and Processes Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



Coatings are selective as the result of varying reflectivity with respect 
to wavelength. They are obtained by making the absorptive coating sufficiently 
thin to take advantage of a substrate with good infrared reflectivity. The problems 
with selective coatings usually come with their susceptability to physical and 
environmental damage. Future development will come with coatings that have 
better transparence to infrared radiation and increased durability. 



Figure 1. Stagnation temperature comparison (0. 01579 m replaceable 
panel evacuated tube collectors) . 



INLET TEMPERATURE i*C> 


Figure 2. 


Heat gain versus inlet temperature curves (0.01579 m replaceable 
panel evacuated tube collector) . 
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% REFLECTANCE 



WAVELENGTH/MICRONS 


Figure 3. Comparison of ideal selective coating and actual coatings. 



Figure 4. Oxide film and interference patterns. 
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Figure 5. Interference patterns on black nickel (entire panel). 



Figure 6. Interference patterns on black nickel (clamped area) . 
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• BUFFING 

• CHEMICAL POLISHING 

• ELECTRO-CHEMICAL POLISHING 

• PLATING 

Figure 7. Reflective surface processing. 


• COPPER 4% 

• NICKEL 6% 

• ALUMINUM 4% 

• CHROMIUM 8% 


Figure 8. Typical reflective surfaces. 


• OXIDATION 

• PLATING 

• CHEMICAL OXIDATION 

• VAPOR DEPOSITION 

Figure 9. Typical selective coatings. 



Figure 10. Improved black nickel weathering test, 
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The presentations previously given have dealt with the contribution 
of space technology to engineering products and to improved productivity in the 
generation of engineering devices and projects. 

As such, the hard spinoffs from space technology have been discussed; 
i. e. , improved medical instruments, better household appliances, more 
accurate and less costly measurement instruments, etc. In addition, the less 
tangible but no less real advances brought about by space technology, such as 
enhanced reliabilities, have also been discussed. 

However, it should be noted that space technology has contributed strongly 
to another very important intangible: the U. S. balance of trade. In fact, a 
major element on the black side of our import-export ledger is the income from 
foreign royalties, patents, and services, which are primarily, if not over- 
whelmingly, driven by out technological status. 

Later presentations will address another important facet of space tech- 
nology: namely the information business. 

They will discuss the application of space technology, in particular that 
of Landsat derived data, to improving our knowledge of the current domestic 
and world situation of agriculture, land use, weather, energy, and water. 


Why is information important ? What is its value ? 

Information has been one of the keys to all human activities since the 
early dawn of history. The beginning of our method of counting years (i. e. , the 
Christian era) coincided with a general census performed by the then political 
ruler to gather information about the population, wealth, and resources of the 
Roman domain. 

The gathering of data has grown to encompass a large portion of our 
activities. Yearly, literally millions of pieces of data are gathered by all world 
governments on the status of crops, on rainfall, on the flow of rivers, on the 
consistency of mineral and fuel reserves, on the production of energy, etc. 

Only recently have economists begun to quantify the ’’value” of more 
exact information. In the last two decades much has been done and said as 
regards to economic models, as to who really gains from improved information, 
and similar topics. 
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Without going into complicated theories, the following simplified explana- 
tion is offered in terms of a planned economy. 

Assume that the social goal is to achieve maximum productivity per 
resource employed, for example, per man-hour; and further that all resources 
are perfectly interchangeable. A central resource manager with full authority 
to allocate and reallocate resources can do so optimally only if he possesses 
perfect information. 

An example will clarify. Assume a crop shortfall is forecasted. The 
resource manager decides to make up the shortfall by additional man-hours, 
machinery, and energy transferred from other economic sectors of lesser 
importance (for example, the automobile, or the armaments industry). If the 
forecast is wrong in excess or defect, he will transfer either too few or too 
many resources compared with the requirements. In either case, inefficiencies 
arise: the social goal of optimal productivity will be met less than optimally. 

In market economics, classical theory assumes that the price mechanism 
perfectly represents the presence of surpluses and shortfalls. Under these 
assumptions, analogous effects arise. 

Looked at in another way, every commodity — such as food or energy — 
displays at any one time a characteristic price-demand relationship. In 
economics, this is called the demand elasticity. For example, for liquid fuels, 
the price elasticity is at this time 8:1 in the U. S. This means that every 1 
percent change of supply will cause an 8 percent change in price. Sca rcity will 
cause the price to rise by eight times the percentage points of the deficit and 
overabundance will cause the price to drop by an equivalent ratio to the excess. 

In either case, if the estimate of the departure from normality is correct, the 
corresponding price fluctuation is followed by a necessary, generally costly 
adjustment by society to the new situation. If, however, the price fluctuations 
are caused not by reality but by errors in estimates, society’ s expenditures of 
energy and resources in adjusting to the misperceived situation are unnecessary 
and wasteful. 
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INTRODUCTION 


With the advent of the Space Shuttle and the Spaeelab, an opportunity is 
being provided to significantly increase the application of space technology in 
the area of weather and climate, hi the past two decades space technology has 
been applied very successfully in the area of automated satellites using various 
remote sensing instruments to probe and observe the behavior of the Earth’ s 
weather patterns, composition, thermodynamics, and kinematics. The forth- 
coming Spaeelab will provide the necessary facilities and payload capability to 
permit laboratory experiments on atmospheric processes where benefits can be 
realized from the low gravity environment of an orbiting Spaeelab. NASA is 
currently engaged in research on two planned Spaeelab payload laboratory experi- 
ment efforts. They are entitled "Atmospheric Cloud Physics Laboratory" and 
"Geophysical Fluid Flow Cell." Both payloads are currently being developed 
for flight on an early Space Shuttle Spaeelab mission. Another atmospheric 
processes’ experiment activity by NASA is entitled ’^Atmospheric Variability 
Experiments" and is concerned with satellite sensor-ground truth correlative 
studies with emphasis on severe storms. All three involve the participation of 
many scientific and engineering talents in these important and basic areas of 
research in atmospheric processes. 


ATMOSPHERIC CLOUD PHYSICS LABORATORY (ACPL) 


An artist’ s conception of the ACPL, based on studies conducted to date, 
is shown in Figure 1. The objectives of the investigations to be conducted in the 
ACPL are to increase our knowledge of the microphysical cloud processes and 
our understanding of atmospheric behavior, thereby improving our ability to 
understand and predict the effects of inadvertent weather modification ( i. e. , air 
pollution) and, ultimately, to modify and/or control the weather. The research 
performed in the ACPL will be directed primarily to those areas of experi- 
mentation which cannot be accomplished effectively in terrestrial laboratories 
because of the effects of gravity on cloud drops within the chamber. The low 
gravity level in Earth orbit of the Spaeelab enables the experimenter to eliminate 
sedimentation and convective air motions from the system. Thus, he is able to 
establish a completely static environment which greatly simplifies experiment 
procedures and data interpretation. The initial emphasis is planned toward the 
conduct of research dealing with the study of precipitation and cloud-forming 
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Atmospheric Cloud Physics Laboratory 

1 ... Cameras and Optics Storage Center 

-protects sensitive equipment during launch and 
re-entry 

2. High Humidity Flow Generation and Air Cleaning 
Module 

-flow control and air cleaning components for 
preparation of chamber air 

3. Low Humidity Flow Generation and Air Cleaning 
Module 

-flow control and air cleaning components for 
preparation of experiment aerosol 

4. Expansion Chamber Assembly 

-research chamber which simulates formation of real 
(adiabatic) clouds 

5. Continuous Flow Diffusion Chamber Assembly 
-research chamber which determines cloud con- 
densation nuclei (submicrometer aerosol) 
characteristics 

6. Static Diffusion Liquid Chamber Assembly 
-research chamber which provides an environment for 
cloud droplet growth experiments 

7. Saturator Assembly 
-humidifies air and aerosol samples 

8. Aerosol Generation Conditioning and Character- 
izations Module 

-generates and conditions particulates to provide 
required size and concentration for experimentation 
-counts, sizes and establishes total mass of aerosol 
entering the research chambers 

9. Electronic Assemblies/ Air Flow Control 
-data management auxiliary equipment 
-power control and conditioning equipment 
-power supplies 

-air pumping and storage equipment 


Figure 1. Atmospheric Cloud Physics Laboratory ( ACPL) . 
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processes where the ice phase does not occur and in the area of aerosol physics. 
Following the initial flights, modification and additional equipment will extend 
the early capabilities into such areas as precipitation and cloud-formation 
processes where the ice phase occurs, ice-crystal growth, scavenging, elec- 
trification, controlled turbulent mixing of cloudy and ambient air, etc. 

With every technology gain there usually exists some technology chal- 
lenges. The ACPL and geophysical fluid flow cell (GFFC) are no exception. „ 
Figures 2 and 3 list some of the current engineering technology challenges which 
these Spacelab payload developments are providing. Our preliminary design 
studies have demonstrated that these challenges can be met satisfactorily. 

They are, nevertheless, engineering technology challenges which may interest 
or intrigue some of the attendees at this symposium. 


• TEMPERATURE CONTROL OF EXPANSION CHAMBER WALLS 

• HIGH UNIFORMITY TEMPERATURE SURFACES 

« AEROSOL LOSS AND FLOW MEASUREMENT AT CONDITIONS FLOW 
DIFFUSION CHAMBER INPUT 

• CONTAMINANT CONTROL IN SATURATOR 

Figure 2. Some Atmospheric Cloud Physics Laboratory 
engineering technology challenges. 


• MECHANISM OF THE FLUID FLOW VISUALIZATION TECHNIQUES 

• TEMPERATURE GRADIENT TO "DRIVE" FLUID 

• "ENCAPSULATING" ROTATING SECTION OF EXPERIMENT 

Figure 3. Some geophysical fluid flow cell engineering 
technology challenges. 

The preliminary ACPL design consists of eleven subsystems — aerosol 
generation, aerosol characterization, expansion chamber, continuous flow dif- 
fusion chamber (CFD), and static diffusion liquid chamber (SDL) , plus the 
necessary support subsystems. The experimenter will be able to choose an 
aerosol ( size distribution, concentration, and chemical composition) , charac- 
terize it with common types of instrumentation, and then study its behavior in 
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any combination of three cloud chambers. The system flexibility allows a 
broad range of physical processes to be studied. Some pertinent points of each 
of the engineering technology challenges for the ACPL listed in Figure 2 follow. 


Temperature Control on Expansion Chamber Walls 

As the gas (air) within the chamber expands and cools the walls must be 
cooled to match. The key challenges are: (l) high temperature uniformity 
in a steady state (temperature constant to ±0.01°C over surface of a 30 liter 
chamber, (2) rapid cool down at low power (6°C/min to 0°C) , ( 3) high uni- 
formity during cool down (±0.1°C at 3°C/min or less) , and (4) accurate 
measurements during cool down — including measurement of uniformity. 


High Uniformity Temperature Surfaces 


Control and knowledge of the water vapor content in the continuous flow 
diffusion ( CFD) and static diffusion liquid ( SDL) chambers and the saturator 
require large surfaces of very high, measurable, temperature uniformity 
(±0.01 e C) . These three units have the following characteristics: 

CFD — two plates at different temperatures, 35 x 45 cm, 1. 5 to 2 cm 
spacing between plates 

SDL — two plates at different temperatures, circular 15 to 30 cm 
diameter, 1. 5 to 2 cm spacing between plates 

Saturator — two or more plates at same temperature, 20 x 36 cm. 


Aerosol Loss and Flow Measurement at Continuous 
Flow Diffusion Chamber Input 

The requirement is to measure the air flow rate (approximately 0. 5 cm 3 / 
s) to 1 percent and also get the aerosol sample into the chamber with less than 
1 percent loss by diffusion of small particles. The sample must be introduced 
such that any velocity perturbations in the flow field decay prior to the aerosol 
reaching the activation zone. 
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Contamination Control in Saturation 


The saturator must supply 500 cm 3 / s or more of air to the expansion 
chamber with the mixing ratio known to ±0. 5% of the measured value. This 
will require a knowledge of temperature and pressure with varying degrees of 
error, depending upon the measured value of pressure and temperature. More 
critically, the complete absence of surface active contaminants from the wick 
surfaces is also required. 


GEOPHYSICAL FLUID FLOW CELL (GFFC) 


The planned GFFC is illustrated in Figure 4. The objective of the investi- 
gations to be conducted in the GFFC is to observe the convective flow of a fluid 
between two concurrently rotating spheres in the presence of spherically sym- 
metric body forces. This is a basic technology experiment which will lead to 
subsequent experiments to study atmospheric type baroclinic fluid flows on 
rotating spherical surfaces with an imposed radially directed body force to 
simulate a gravitational force field. The ultimate objective is to provide a 
deeper understanding of large scale atmospheric circulations. The behavior 
of large scale atmospheric and oceanic circulations contribute directly to our 
major weather system developments and climatic patterns. Most theoretical and 
all experimental work on the effect of latitude depend coriolis force on nonlinear 
convection, which is thought to play a crucial role on large scale atmosphere 
circulations, have treated only local curvature effects. Terrestrial laboratory 
experiments cannot be accomplished since the Earth* s gravity field radically 
interferes with simulation efforts. The low gravity of an orbiting Space Shuttle 
Spacelab will permit the accomplishment of these simulations. This offers the 
potential for a major step forward in geophysical fluid research which in turn 
may lead to a new understanding of the large scale atmospheric and oceanic 
circulations. 

Figure 3 lists some of the current engineering technology challenges for 
the GFFC. Some pertinent points on each of the items listed in Figure 4 are 
detailed in the following paragraphs. 
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Mechanism of the Fluid Flow Visualization 
Techniques 


The primary experimental data output of the GFFC is from observation 
and measurement of the circulation patterns established in the fluid between the 
spheres (outer sphere approximately 3.5 cm radius, inner sphere approximately 
2.2 cm radius). A UV excited photochromic chemical tracer is planned to pro- 
vide fluid flow observation and velocity measurements. Localized temperature 
gradient measurements will be obtained from the Moire fringe pattern obtained 
by projecting a closely spaced grid into the fluid and reflecting off the inner 
sphere back to the source. Both measurements will be recorded by one camera 
system. Since the observed system is spherical, a spherical optical system 
must be designed which has a focus at infinity for the Moire^fringe patterns and 
in the centimeter range for the photochromic flow visualization technique. The 
camera will not be fixed relative to the rotating spheres. The camera will be 
sequenced to photograph specific regions of the upper hemisphere and requires 
a sensitive timing system. 


Temperature Gradient to "Drive" Fluid 

The inner and outer sphere temperatures must be programmable and 
flexible to provide a variety of conditions. Outer sphere and inner sphere radial 
temperatures must be capable of variation from 10 to 30° C (±5 percent) and 
10 to 40° C (±5 percent), respectively. This flexibility permits the inner sphere 
to be warmer than the outer sphere and vice versa. The temperature control 
technique must not interfere with the fluid observations. In addition to a radial 
temperature gradient, a latitudinal temperature gradient capability is also 
required. 


"Encapsulating" Rotating Section of Experiment 

An important design consideration exists in "encapsulating” the rotating 
section of the experiment to meet flight safety requirements. The dimensions of 
the spheres are determined by the dielectric constant of the fluid. The type 
fluid is influenced by its compatibility with the photochromic chemical. It now 
appears that a Dow Corning 200 fluid which has a rather low ( 33° C) flash point 
will be used. Therefore, "encapsulating” the spherical system of the experi- 
ment to meet rigorous Spacelab safety requirements, and still permit observa- 
tion, measurements and necessary experiment adjustments is somewhat of an 
engineering challenge. 
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ATMOS PHER I C VAR I AB I LI TY EX PER IMENTS (AVE) 


Seven NASA AVE’ s have been conducted over the past few years ( Table l) 
with another scheduled in May 1977. During selected meteorological periods 
lasting from one to three days, all available satellite, rawinsonde, radar, air- 
craft and surface observations were recorded at a 3 h or less interval for 
selected geographical areas within the U. S. The objectives of this research 
and experimental undertaking were to evaluate the accuracy and representative- 
ness of quantitative satellite data relative to mesoscale (severe storms) identi- 
fication, inputs to numerical mesoscale models, and understanding of interrela- 
tionships between the different atmospheric scales of motion. One example of 
the experiment scope is the employment of 54 balloon launching sites to probe 
the atmosphere each 3 h during a 48 h period when severe weather conditions 
prevailed over large areas of the U. S. , while at the same time utilizing specially 
equipped aircraft and satellite sensors to acquire measurements. 

Some of the AVE project accomplishments include: (l) advances in 
developing regional numerical prediction models, (2) identification of significant 
convection patterns which are indistinguishable in the conventional 12 h measure- 
ments of the atmospheric structure, (3) determination of the variances in 
expected convective cloud trajectories, relative to ambient winds, due to rota- 
tional effects of these clouds, and (4) an improved method to retrieve tempera- 
ture profiles from cloud contaminated satellite radiance data. The principal 
engineering challenge is in the area of rapid mass data handling and assessment 
where heterogeneous input sources are involved. No one measurement system 
seems capable of providing the data base needed to meet all atmospheric scales 
of motion, forecast, and modeling requirements. Each system has a rather 
selected role to play, yet all must be integrated in a timely and creditable 
manner. 

In summary, NASA’ s role in weather and climate relative to Earth 
observations now encompasses an extensive range of space technology efforts. 
These range from the area of remote sensors on satellites to observe and probe 
atmospheric phenomena, correlative field experiments and analytical modeling, 
and actual on-orbit laboratory scale research on atmospheric processes. 
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Considerable effort accompanied by significant progress has occurred in 
the last several years in applying visible and infrared remote sensing measure- 
ment to water resources management needs. The Landsat and NOAA environ- 
mental satellite systems have provided spacecraft observations that are proving 
to have utility in several hydrologic areas. The major areas where the needs 
of the water resources management are being met involve the mapping and 
monitoring of snowcovered area, hydrologic landuse, and surface water area. 

Landuse mapping from Landsat has been successful in providing appro- 
priate inputs to engineering watershed models at accuracies comparable to con- 
ventional techniques with cost savings of 55 to 85 percent and order of magnitude 
time savings. Flooded area mapping and surface water surveys have also been 
accomplished in fractions of the time and cost entailed with conventional method- 
ology. Lake area estimation accuracies have been found to be ±8 percent when 
water bodies 5 hectares in size are involved. The accuracies improve to ±1 
percent for water bodies 500 hectares in surface area. The combination of the 
NOAA Very High Resolution Radiometer (VHRR) on the Landsat Multispectral 
Scanner Subsystem are being used successfully to map snowcovered area in the 
western United States. 

In the case of snowcovered area mapping the transfer of technology 
process is now being accomplished in the western United States in a cooperative 
effort involving 6 federal agencies and 3 state agencies along with NASA. A new 
collaborative effort of the U. S. Army Corps of Engineers and NASA involves the 
mapping of landuse by Landsat and its use in hydrologic engineering watershed 
models employed in flood/control/waterworks planning, design, and management. 

Improved systems planned for implementation in the 1978 to 1981 time 
frame can be expected to result in increased utilization of visible and near 
infrared, remote sensing observations. Research being carried out now also 
suggests that microwave observations may be able to monitor more fundamental 
hydrologic variables and, thereby, make a more essential contribution to water 
resources management. 
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Space-derived techniques and technology can be applied to the discovery, 
evaluation, and extraction of mineral and energy resources in several ways. 

This paper will outline, with examples, some applications of remote sensing 
from orbit, orbital geophysical surveys, and satellite relay of data from 
ground-based data collection platforms (DCP's). 

Orbital remote sensing for geological purposes is now widely applied 
with Landsats 1 and 2. Landsat imagery has proven extremely useful in basic 
geologic mapping, particularly in delineating large structures; examples from 
California, Asia, and the eastern U. S. will be presented. It is also being 
routinely applied in oil, gas, and mineral exploration; examples from Saudi 
Arabia, Pakistan, and the western U.S. will be presented. 

Orbital geophysical surveys predate orbital imaging in that tracking of 
even the earliest satellites revealed information about the Earth’s gravity field 
and shape, but such data are only now being studied for possible utility in the 
mineral and energy industries. Satellite data have been used to construct a 
global magnetic map, which has shown a major anomaly in central Africa now 
being investigated on the ground. Progressively better global gravity maps 
have similarly shown anomalies of undetermined origin related to upper mantle 
structures such as suspected mantle plumes. Such geophysical data will 
probably not be applicable directly to the search for resources because of their 
low spatial resolution, but can be used to construct crust and mantle models, 
as well as reference fields, which should be of value to conventional geophysical 
surveys . 

Data collection platforms using satellite relay are being used for environ- 
mental monitoring. Of particular interest to the mineral and energy industries 
is the use of such DCP’s to relay data on phenomena related to seismic activity 
such as ground tilt and eventually microearthquakes. This technique should be 
of value to the extractive industries for protection against environmental hazards 
and, more generally, basic understanding of crustal structure. 
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by 
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The Earth Observations efforts of NASA and other Federal agencies have 
matured into near-operational programs which require large amounts of data on 
a time-constrained basis. To meet these needs considerable efforts have been 
undertaken by the agencies as well as by users of the data. Potential problems 
are discussed along with an approach to reducing costs and providing needed 
information. User participation in the process of data management is one key 
to its success. Some available means for the user to become involved are 
considered. 

With increasing maturity of the acquisition systems for remote sensing, 
especially the weather and Earth resources satellites such as Nimbus and Land- 
sat, emphasis has shifted toward the application of the data from these satellites. 
For example, the extensive use of Landsat data for a wide variety of applications 
has established the utility of this kind of remotely sensed data (Fig. 1). As a 
consequence, emphasis is shifting beyond initial utilization and approaching the 
operational use of remote sensing data. By operational use is meant the day-to- 
day use of remotely sensed data as a part of the process of decision making 
regarding natural resources, for example. As the applications of such data 
increase, so do the requirements for management of the data, which is the 
subject of this presentation. 


• BASIC REMOTE SENSING SCIENCE IS MATURE 

- SIGNATURES 

- APPLICATIONS 

• EMPHASIS SHIFTING TO OPERATIONAL SYSTEMS 

- AUTOMATED PROCESSES 

- MULTIPLE SYSTEM INTERACTIONS 

- TIMELINESS 

- COST 

• UTILIZATION BY PUBLIC BROADENING 

- WEATHER 

- MAPPING 


Figure 1. Evaluation of data situation. 

In each of the areas presented in Figure 2, there is substantial effort 
underway to establish the required systems, technology, and analysis techniques 
to meet the data management needs of the 1980's and beyond. 
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• AGRICULTURE 

- INVENTORY 

- CROP FORECASTING 

• WEATHER 

- GLOBAL MARINE 

- SEVERE STORMS 

• WATER AVAILABILITY 

• POLLUTION MONITORING 

• LANDUSE 


Figure 2. Some areas of major data system emphasis. 

Taking Global Marine Weather as an example, a substantial number of 
users can be identified. Some of the more important users are listed in Figure 3. 
The Navy and Coast Guard are served by DoD weather programs, fishing fleets, 
oil companies (off-shore rigs) , etc. , are served by the weather programs 
included under the ’’Local and Large Scale Weather” programs. Commercial 
shipping companies, which range worldwide, currently have potential require- 
ments beyond the goals of these programs. 


• U.S. NAVY 

• U.S. COAST GUARD 

• FISHING FLEETS 

• OIL COMPANIES 

• COASTAL CITIES 

• RECREATION ACTIVITIES 

• WEATHER RESEARCHERS 

• COMMERCIAL SHIPPING COMPANIES 


DoD WEATHER PROGRAMS 


LOCAL AND LARGE SCALE WEATHER 


Figure 3. Users of marine weather information. 

Figure 4 shows requirements for a Global Marine Weather forecasting 
system which measures temperatures, winds, etc. , by means of instrumented 
buoys, stations, ships, and satellites. The data are inputs to an analysis and 
prediction model which produce 1, 3, and 15 day forecasts. A 1 day forecast 
is produced in 12 h from acquisition, a 3 day forecast in 24 h, and a 15 day 
forecast in 3 days. 
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ATMOSPHERE 


TEMPERATURE PROFILES ±1°C 

WATER 

WINDS ± 3 m/s 

PRESSURE ±0.3% 

RELATIVE HUMIDITY ± 30% 

ICE FLOWS, LEADS 100 m 


ANALYSIS ' 
AND 

PREDICTION 


MODELS 

SYSTEM 



TEMPERATURE 
PRECIPITATION 
SEA STATE 

ICING AND STORM CONDITIONS 
WITH ACCURACIES OF 95, 75 
AND 50% 


Figure 4. Functional system requirement* 

The flow of data for the Navy system is shown in Figure 5. Satellites 
such as Nimbus, which service the National Weather Service (NOAA) system 
supplement the military acquisition systems. Seasat A, currently under develop- 
ment by NASA, also will feed data to the system in the 1980’s. Fleet Numerical 
Weather Central possesses the models to transform these data into forecasts 
which are fed back to NOAA and also, through Fleet Weather Centers (FWC) to 
ships at sea. Information also is supplied to commercial forecasting companies 
who, in turn, supply it to commercial shipping and other users. 

Data management often is perceived as a problem both by originators 
and/or suppliers and by users, largely because of the potential for high costs, 
delays, and other detrimental results which can occur if data management is 
not properly used ( Fig. 6) . The Global Marine Weather situation shows the 
complexity of interfaces as well as the use of multiple data sources. Many of 
the sensors used are capable of acquiring data at high rates (megabits per 
second) which could lead to high costs. 
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SHIPS 

STATIONS 


Figure 5. Data flow for the Navy system. 


WHY IS REMOTE SENSING DATA A PROBLEM TO NASA? 

• HIGH DATA RATES 

• MULTIPLE DATA SOURCES 

- MULTIPLE SPACECRAFT 

- AIRCRAFT 

- GROUND DATA COLLECTION 

- ANCILLARY DATA 

• PROCESSING, HANDLING, AND STORAGE COSTS 

• COMPLEX INTERFACES WITH USERS 


Figure 6. The data management problem. 

To establish what the possible data acquisition rates mean. Figure 7 
shows the meaning of 10 15 bits/year (a bit is the basic element of input to a 
computer which represents essentially the basic, or smallest, element of data) . 
This amount of data can be acquired by the sensors under planning for the 
1980 *s. Roughly it equals 10 times all the data acquired for whatever purpose 
in the year 1972. If NASA were to process these data using our Skylab system, 
which was a substantial one, it would take 100 years. 
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VOLUME: 

10 15 BITS/YEAR 
100 LIBRARIES OF CONGRESS 
100 MILLION SEARS CATALOGS 
30 ERTS-1 

10 DATA TOTALS FOR 1972 


PROCESSING TIME: 

100 YEARS AT SKYLAB RATES 


Figure 7. Significance of estimated yearly data 
output for the 1980’s. 


This problem can be solved either by vastly increasing our capacity to 
process and handle data or by reducing acquisition to match information needs 
(Fig. 8). Clearly, reducing acquisition is preferable, and using this approach 
does not prevent improving or adding capabilities where required. It does 
present the problem of understanding the use to which the data are being put 
well enough to judge what data are required. This involves intimate association 
with the user and his application. 


TWO APPROACHES SHOW PROMISE FOR SOLUTION: 

1. INCREASE THROUGHPUT TO MATCH SENSOR CAPABILITIES 

• OPTIMIZE UTILIZATION OF FACILITIES 

• ADD FACILITIES 

• ADVANCE STATE-OF-THE-ART: IMPROVE FACILITIES 

2. REDUCE ACQUISITION TO MATCH INFORMATION REQUIREMENTS 

ADVANTAGES OF REDUCED ACQUISITION 

• MOST EFFECTIVE WAY TO REDUCE COSTS 

• IMPROVES EFFICIENCY OF INFORMATION APPLICATION 


Figure 8. Approaches to problem solution. 

The user also has problems with remote sensed data since some of the 
handling and processing is his responsibility and since the ultimate application 
is his job ( Fig. 9) . If data can be put into formats similar to those of the 
products with which he normally works, his problems can be diminished 
appreciably. He must be informed as to availability and location of data before 
he can use the data, and he must under stand automated retrieval systems if that 
is his only access to the data. This requires extensive training and familiarization. 
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WHY IS REMOTE SENSING DATA A PROBLEM TO THE USER? 

• UNFAMILIAR FORMATS 

• CHANGES IN ESTABLISHED PROCEDURES 

• LACK OF INFORMATION ON WHAT IS AVAILABLE AND WHERE 

• DATA INVOLVES HIGH TECHNOLOGY 

• TRAINING/FAMILIARIZATION REQUIRED 

• COSTS OF PROCESSING 


Figure 9. The data management problem. 

The NASA approach to data management includes, in addition to technology 
development and selectivity, concepts of end-to-end optimization of data systems — 
from sensor to user, coupled with an early consideration of data problems (Fig. 

10) . Too often data problems are considered only after acquisition systems and 
other major elements of the data system have been defined. This limits the 
gains to be made from efficient data management. 


• EARLY CONSIDERATION OF DATA PROBLEMS 

• END-TO-END OPTIMIZATION 

• COMPRESSION 

• TECHNOLOGY DEVELOPMENT 

• SELECTIVITY 

- HIGH INFORMATION/DATA RATIO 

- CAREFUL TAILORING TO USER NEEDS 

- UTILIZATION OF USER KNOWLEDGE 


Figure 10. An approach to data management. 

Some potential reductions in data processing requirements are given in 
Table 1. The reductions are based on knowing enough about the application to 
judge what is required to solve the problem. For example, Landsat acquires 
data over the test site every 18 days or approximately 20 times per year, but 
the application, in this case landcover analysis, only requires two images per 
year. Similarly two spectral channels are sufficient, although four are available 
and the test site covers only a small portion of the 100 x 100 n.mi. image. 
Finally, data compression techniques can further reduce the throughput until 
total reduction is from 9000:1 to 60 000:1. Even greater decreases are feasible, 
as will be seen, so that it will be possible to handle all the required data in an 
affordable way. 
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TABLE 1. SOME POTENTIAL DATA STREAM REDUCTIONS 
(LANDSAT EXAMPLE FOR A QUADRANGLE TEST SITE) 
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A further development of data compression, based on work at the Jet 
Propulsion Laboratories shows promise of reductions of more than 3000:1. It 
involves the preprocessing of Landsat data in a "black-box" to reduce the effort 
done by the user. Cost savings to the user are shown in Figure 11. Savings 
such as these can make remotely sensed satellite data very competitive with 
other types of data. 


LANDSAT DATA 

jdn"l 


FEATURE VECTOR REDUCTION 


BLACK BOX 



2048 DIFFERENT 
FEATURE VECTORS 


7,581,600 pels 


7,581,600 pels 

♦ 


SUPPLY DATA 
TO USER 



7,581,600/2048 


CLASSIFY ( 8 ) 
(ELLTAB) 
9185 sec 
2.55 h 
$892.50 


LINEAR 
STRETCH 
2277 sec 
38 min 
$221.37 


SUPPLY DATA 
TO USER 


3200/1 



CLASSIFY (8) 
(ELLTAB) 

2.5 sec 
$0.24 


LINEAR 
STRETCH 
0.6 sec 
$0.05 


Figure 11. User cost savings. 


Users have access to considerable help from NASA, as well as other 
agencies such as USDA who utilize remotely sensed data in their activities 
( Fig. 12) . This help is available through the Technology Utilization Office 
and other channels. Universities and industry participating in NASA remote 
sensing and data management programs also can provide help. 


One of the tools available to users is the Data Systems Dynamic Simu- 
lator at MSFC, which enables users and data systems designers to evaluate 
alternate methods of handling and processing data (Fig. 13). It also serves 
as a training and familiarization device for users who are not knowledgeable 
of Earth resources data systems. 
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® DOCUMENTS DESCRIBING 
- DATA SYSTEMS 


- AVAILABLE DATA AND APPLICATIONS 

• COMPUTER - INTERACTIVE ANALYSIS CONSOLES 

• SIMULATIONS 

• DATA BASES 

- AVAILABLE IMAGERY 

- DATA SYSTEM TECHNOLOGY 

• TRAINING ' ■ 

Figure 12. Some available tools to help the user. 








SUMMARY OF EARTH OBSERVATIONS SESSION 


by 

Ted Paludan 
Earth Resources Office 
Data Systems Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



The Earth Observations Session of this symposium has presented details 
of a number of disciplines within the field. This presentation will not give a 
summary of these but rather will focus attention on potential research in this 
geographical region of the Southeastern U. S. 

Figure 1 shows the paths of Landsats 1 and 2 over the Southeast. This 
map does not show it, but there is some overlap between scenes; for example, 
Huntsville is near the western edge of scene 021-036 as well as near the eastern 
edge of scene 022-036. At present, the two satellites give complete coverage 
of the U.S. twice every 18 days; but, of course, sometimes the ground is 
obscured by clouds. 

The least expensive source of data is the recently published volume, 
Mission to Earth: Landsat Views the World 1 , of which one of the symposium 
speakers ( Paul Lowman) is a co-author. Its reproduction of Landsat images 
is of such high quality that actual original research can be conducted using it. 

If it does not contain areas of interest to the reader he may wish to obtain low 
cost images which are marketed at cost by the Interior Department. Figure 2 
gives addresses of some of the sources of these data. There are other sources, 
such as other NASA centers and many universities. 


1. NASA SP-360, GPO Stock Number 003-000-00659-4 (469 pages — 400 plates), 
$ 14.00 (May 1977 price — subject to change) , available from Superintendent 
of Documents, U. S. Government Printing Office, Washington, D. C. 20402. 
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DATA: EROS DATA CENTER OR EROS APPLICATIONS ASSISTANCE 

SIOUX FALLS, SD 57198 FACILITY 

BAY ST. LOUIS, MS 39520 

INFORMATION AND ADVICE: 

EARTH RESOURCES LABORATORY OR EARTH RESOURCES OFFICE 
1010 GAUSE BLVD. EF02 

SLIDELL, LA 70458 MARSHALL SPACE FLIGHT CENTER, 

AL 35812 

ALSO: 

ALBAMA DEVELOPMENT OFFICE, MONTGOMERY, AL 
GEOLOGICAL SURVEY OF ALABAMA, UNIVERSITY, AL 
TENNESSEE STATE PLANNING OFFICE, NASHVILLE. TN 
TENNESSEE VALLEY AUTHORITY, CHATTANOOGA, TN 

GEORGIA DEPARTMENT OF NATURAL RESOURCES, ATLANTA, GA 


Figure 2. Where to get data, information, and advice. 
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X-RAY TOPOGRAPHY AS A PROCESS CONTROL TOOL IN 
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SUMMARY 


X-ray topography is currently widely recognized as the only practical, 
nondestructive method for the identification of crystal lattice defects in semi- 
conductor materials. Unfortunately conventional methods have proved too 
expensive for any broad application in semiconductor process control. This 
paper gives a brief review of the conventional x-ray topographic techniques and 
a description of a new high speed camera which has demonstrated a considerable 
savings in cost-per-topograph. 


INTRODUCTION 


Early in this century several investigators demonstrated that the lattice 
of a single crystal can act as a diffraction grating for x-rays with wavelengths 
comparable to the atomic spacings. The phenomenon is due to the coherent 
scattering of specific x-ray waves by the individual atoms in the very regular 
array. The rather complicated geometrical relations governing this diffraction 
process are made formal and concise by Bragg’ s law of reflection: i. e. 


NX = 2d sin 9 

where 

N = an integer ( the order of diffraction) 

X = the x-ray wavelength 
d = the atomic plane spacing 

0 = the angle of incidence required for diffraction (Bragg angle). 
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The word reflection is used to indicate that the outgoing diffracted ray acts as 
if it were a reflection of the incoming ray with the atomic planes acting as the 
mirror. 

Bragg* s law, of course, gives only the condition for maximum diffraction 
and hence gives no prediction of how much of the incident x-ray power is diffracted 
nor the shape of the angular window. In the case of an extremely perfect crystal 
these quantities can be calculated from first principles and agree fairly well with 
experimental results. However, the amount of diffracted x-ray power is found 
to vary strongly as the crystal deviates from perfect order. And further we 
have a paradox that the nearly perfect crystal can diffract more strongly ( on 
the average) than the perfect crystal. This is the principle of x-ray topography: 
i. e., strained regions of an otherwise perfect crystal can be made visible by 
image contrast in the diffracted beam. The strains may be caused by substituted 
atom mismatch, point defects, dislocations, or film interface stresses. 


CONVENTIONAL TOPOGRAPHIC CAMERAS 


The first camera developed specifically to study crystal defects was the 
Berg-Barrett camera [1] . A schematic diagram of the camera is shown in 
Figure 1. The x-ray source is typically a diffraction x-ray tube with a small 
spot or line focus. These tubes have an anode made of a very pure metal and 
the electron bombardment produces x-rays with continuously varying wavelengths. 
However, they also produce a few spectral lines which are characteristic of the 
anode metal and are several thousand times more intense than the adjacent con- 
tinuum wavelengths. One of the spectral lines (usually the strongest) is used 
to produce the diffracted image. 



May or maynot have scanning feature 
Figure 1. Berg-Barrett camera. 
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The slit is usually at the end of a long tube and serves to collimate the 
x-ray beam and thus shield the film and operator from all unnecessary direct 
and scattered radiation. Only a narrow vertical (perpendicular to the diagram) 
strip of the specimen receives the incident x-rays; however, they all strike 
the surface at approximately the same angle. The specimen is, of course, 
rotated to such a position that these rays satisfy the Bragg angle for some set 
of crystalline planes for the characteristic x-ray tube wavelength. The film 
(or photographic plate) then receives the diffracted image (with defect features) 
of the vertical strip of the specimen. Larger sections of the specimen can be 
imaged by translating the specimen and film during the exposure. 

The camera most commonly used in semiconductor crystal analysis is 
the Lang camera [2]. A diagram of this camera is shown in Figure 2. This 
camera differs from the Berg-Barrett type primarily in that the diffracted rays 
are transmitted through the specimen. A second ( stationary) slit S 2 is necessary 
to prevent the direct beam from exposing the film. The primary advantage of the 
Lang camera is that the detect image contrast may be enhanced significantly by 
a judicious choice of the x-ray wavelength for a given specimen thickness and 
composition. 


S 2 



Wafer & Film 
Hove To & Fro 


Figure 2. Diagram of the Lang camera. 


Both cameras require long exposure times ( at least several hours) in 
order to produce a useful topograph of a 2 in. diameter silicon wafer. They 
also require a rather expensive precision translator carriage for the scanning 
operation. The combination of long exposure times, expensive equipment, and 
highly trained personnel has prevented any significant application of x-ray 
topography to semiconductor device fabrication except in research and develop- 
ment. 


220 



THE NEW BENT WAFER CAMERA 


A new high speed x-ray topographic camera has recently been developed 
in the Texas Engineering Experiment Station’ s Institute for Solid State Elec- 
tronics (ESSE) at Texas A&M [3] . The new camera is identical to the station- 
ary Berg-Barrett camera with the exception that the wafer is slightly bent in 
order that rays from the point source may strike all portions of the wafer at the 
Bragg angle simultaneously. This allows the image of the entire wafer to be 
formed in the same time that a single narrow strip can be formed by either of 
the conventional methods. A diagram of an early version of this camera is shown 
in Figure 3. This version uses a rigid spherically curved-vacuum chuck with 
multiple vacuum feed holes. The wafer is bent by applying sufficient partial 
vacuum to cause the wafer to conform to the chuck shape. The radius of bending 
required depends on the wavelength of radiation used, atomic lattice planes used 
for the particular diffraction, and the ’’cut” of the crystal. Typical radii of 
curvature are 100 to 200 in. ; thus, the deformation is very small. 


Spherically Curved 
Vacuum Chuck 



Point Source 


Elliptical 

Collimator 



Film- 


=•• V ^ 1 

\-yt 


\ \ V-.; 

- ' 

— ;*'■» 


i 


Vacuum 

Line 


Alignment - 
Axis 

Scan and Alignment Axis 
Perpendicular to Drawing 

Figure 3. Early version of the Berg-Barrett camera. 


Figure 4 is an x-ray topograph, made with the new camera, of a 2 in. 
silicon wafer. The wafer had completed all processing steps including probe 
evaluation. Each square pattern represents an integrated circuit whose overall 
dimensions are 0. 10 x 0. 10 in. The irregular light areas near the edge of this 
picture were caused by imperfect bending of the wafer. 
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Figure 4. X-ray topograph, made with the new camera, 
of a 2 in. silicon wafer. 


Figure 5 is a microscopic enlargement of an x-ray topograph. The 
numbers and letters are 0. 001 in. tall. The numbers and letters, as well as all 
the other black geometrical shapes, show regions which have received a delib- 
erate impurity diffusion. The regions are white because of the lattice disruption 
caused by the diffusion. The diagonal lines running through this picture are due 
to slip damage introduced during one of the many thermal processing steps this 
wafer received during fabrication. Slip damage is a line of dislocations and is 
known to contribute to low yields and poor performance in many integral circuits. 



Figure 5. Microscopic enlargement 
of an x-ray topograph. 
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The topograph shown in Figures 4 and 5 was made with a Kodak high 
resolution plate with a 2 h exposure. Under similar conditions an exposure 
time of more than 30 h would be required using one of the conventional cameras. 
Nuclear track plates give contrast and resolution almost as good as high resolu- 
tion plates (in this application) with about 1/lOth the exposure time. 


CURRENT RESEARCH 


There are two primary objectives of current research with this camera: 

(l) to continue to improve its performance and (2) to demonstrate its utility 
in solving production process control problems. 

A new deformable elastic chuck has recently been developed which allows 
continuously variable bending of the wafer by a controlled partial vacuum. This 
removes the requirement of having a multitude of fixed curvature chucks, each 
suitable for only one crystal and for one set of atomic planes and one x-ray tar- 
get source. This chuck allows custom bending of each wafer for an optimum 
topograph ( even those that are accidently or deliberately cut off of one of the 
major crystallographic axes) . Also, the bending is more uniform with smaller 
washed out areas. 

Also, under development is a real time TV system which will allow TV 
monitor viewing of the diffracted x-ray image. The system will use a fluorescent 
screen and a low light level TV camera. The feasibility of this technique has 
already been demonstrated with a 35 mm still camera. 

Several experiments are currently in progress which are designed to 
correlate various types of lattice defects with performance, yield, and reliabil- 
ity of modern circuits and devices. These experiments involve wafers processed 
by several different manufacturers, as well as some of those processed in the 
ISSE facilities. Also, new applications of x-ray topography are being studied such 
as the determination of the degree and uniformity of impurity deposition. 


CONCLUSIONS 


The substantial reduction in the cost-per-topograph which has been 
realized by the development of this new camera demands a reexamination of the 
potential of x-ray topography used directly in semiconductor process control. 
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The technique has the unique ability to follow an individual wafer through the 
entire fabrication process with documentation of the process-induced damage 
created at each step. These considerations make 100 percent evaluation of 
high reliability parts, as well as routine quality control economically feasible. 
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To many of the engineers who have joined the ranks in electronics over 
the past 25 years, active components may seem to have all of the new develop- 
ments and excitement. Many of these engineers feel that there is nothing new 
or progressive in the passive components field. Unfortunately for those who 
feel this way, they have limited themselves to too narrow a field of interest. 
One of the most interesting breakthroughs in passive components has occurred 
in the past two years. This is the tantalum-cased tantalum capacitor. What is 
a tantalum-cased tantalum ? Let's go back and review electronic component 
history covering the past 25 years. 


HISTORICAL 

The first tantalum capacitors were sintered-pellet wet electrolytics. 

The foil tantalum capacitors and sintered-pellet solid-electrolyte tantalum 
capacitors were developed later. Application areas best suited for these various 
parts have been carved out and each of them has expanded through the years* 
However, at this time only the sintered-pellet wet electrolytic tantalum capacitor 
will be considered. 

Sintered pellet liquid-electrolyte tantalum capacitors have evolved through 
numerous generations over approximately the past 25 years. These capacitors 
occupy their own unique position in the components field, especially when low 
leakage currents are a "must" circuit requirement. Usage of these capacitors, 
sometimes referred to as "wet-anode" or "wet-slug" capacitors, has continually 
and steadily increased as new developments have made them more versatile and 
reliable. The newest generation of parts to fill this need incorporates a radical 
change from the designs in the previous 25 years. This new development is the 
tantalum-cased tantalum capacitor. In this design, capacitors are encased in 
tantalum cases and have welded glass -to -metal hermetic seals. The cathode is 
now a gel rather than a liquid. This unique construction has a performance 
capability far beyond what was previously thought to be achievable. 

The need for this newest design of capacitor can best be defined by out- 
lining some of the problems which have plagued the industry in the use of silver- 
cased wet slug capacitors. The problems which will be outlined did not, in 
general, occur with capacitors manufactured by Sprague Electric Company. 
However, because of the frequency of problems in other manufacturer's parts, 
NASA believed that a new generation of parts, made without silver, should be 
developed. 
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APPLICATION CONSTRAINTS OF OLDER DESIGN UNITS 


The conventional wet slug tantalum capacitor is shown in Figure 1. It 
consists of a sintered pressed tantalum powder anode immersed in a suitable 
container containing a liquid or gelled electrolyte. The electrolyte completely 
permeates the porous sintered slug. All surfaces of the anode are oxidized. 

Thus the capacitor has a tantalum anode, tantalum pentoxide is the dielectric, 
and the electrolyte that surrounds and permeates the tantalum slug forms the 
cathode of the capacitor. The container into which this is placed is used to 
contain the electrolyte and also provides a suitable electrical connection to the 
cathode (electrolyte) . Over the years, the container has been made of silver 
as the only reasonably successful material that could be used. The electrolyte • 
is typically sulfuric acid. Therefore the container must be able to withstand 
the sulfuric acid without being consumed by the acid. A silver case only partially 
fits into this category. Silver does go into solution in sulfuric acid, primarily 
in the form of silver sulfate. Such silver in solution obviously has to come from 
the case. And its wall thickness is thus reduced. 



Figure 1. Conventional wet slug tantalum capacitor 



The electrical limitations which are placed on silver-cased wet-slug 
tantalum capacitors, of necessity, are set to have a minimum effect on trans- 
ferring excess silver from the case into solution or onto the anode. Since most 
electrolytic capacitors are used for dc filtering applications, it is obvious that 
the parts do not see a pure direct voltage but dc voltage with a superimposed 
alternating voltage. The prime function of the capacitor is to store up excess 
energy when the ac voltage wave is at its peak and to release this energy when 
the ac voltage wave is at its trough. Thus, it becomes obvious that to perform 
its function, the capacitor actually sees an ebb and flow or repetitive reversal 
of electric current. When the current is flowing into the anode, the electron 
flow in the capacitor is such as to hold the silver ions in the silver case. When 
the current is flowing out of the anode, then the electron flow is such that the 
silver ions from the case tend to go into solution in the sulfuric acid and, 
potentially, be electroplated onto the anode. If there is no alternating voltage, 
then tiie electric field of the direct voltage between the anode and the cathode 
will keep the silver ions in the silver case and not in solution. If there is no 
dc or ac voltage applied to the part, then silver will go into solution in the 
sulfuric acid until chemical equilibrium is attained. 

Therefore, it can be seen that a wet slug capacitor, stored on the shelf, 
will have some silver in solution because of the inherent electrochemical 
reactions taking place. The silver in solution increases until chemical equilib- 
rium has been attained in the electrochemical system. If pure dc is then applied 
to the capacitor (with no ac component) , the silver ions in solution will be driven 
out of solution in the sulfuric acid and will be deposited back onto the silver case. 
If ac voltage is superimposed on the direct voltage, silver from the case will go 
into solution during one-half cycle of the ripple current. 

During the second half-cycle, the silver will be redeposited on the silver 
case. Unfortunately, the silver ions do not necessarily redeposit back to their 
original location. Under these conditions there is a silver buildup elsewhere on 
the case. 

Figure 2 is a magnified cross-section of a silver case showing where 
silver has been removed. The thickness of the silver can is obviously reduced 
at the pits. Figure 3 is another cross-section of a silver can in which the silver 
has been replated onto the can where the silver thickness had not been previously 
reduced. The silver that was plated back on appears as added thickness to the 
can. This is the type of condition that one expects when a part has been subjected 
to excess ripple current. 
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Figure 2. Magnified cross-section of a silver case showing 
where silver has been removed. 


Figure 3. Cross section of a silver can in which the silver 
has been replated onto the can where die silver thickness 
has not been previously reduced. 




If reverse voltage is applied to a part, then the silver ions not only leave 
the silver can and go into solution, but they are subsequently attracted to the 
tantalum anode. They will find a weak spot in the tantalum pentoxide in which 
to attach themselves to a spot on the tantalum anode. Once the silver ions have 
been attached to a spot on the anode, further transfer of silver from the case to 
the anode will build or expand at that location. The type of growth that will occur 
from application of reverse voltage is shown by an enlarged cross-sectional view 
in Figure 4. This is commonly referred to as a ’’Christmas tree, ” so named 
because of the branch configuration that it takes. A ’’Christmas tree” of this 
type will continue to grow until it finally bridges the anode to the cathode. At 
that point a low impedance path exists to current flow and the part will behave 
as if it were short-circuited. 

Another growth pattern caused by reverse voltage is shown in Figure 5. 

In this case the silver deposit tends to take a crystalline form. 



Figure 4. Type of growth that will result from application of 
reverse voltage (enlarged cross sectional view) . 


232 



Figure 5. Growth pattern resulting from application of reverse 
voltage in which the silver deposit in the case tends 
to take a crystalline form. 


The silver from the electrolyte that is redeposited on the cathode can 
because of excess ripple or by a strong direct voltage of the proper polarity is 
shown in Figure 6. This is an enlarged view showing the silver crystals which 
have been redeposited on the inner surface of the can. These have been nick- 
named ’’snowmen” by some of the engineers on NASA programs. Figure 7 is a 
further enlarged view of the crystals which have been deposited on the inside 
of some of these cases. 

The foregoing discussion of silver migration outlines some of the problems 
which concerned Marshall Space Flight Center components personnel. Even 
though these problems were virtually unknown in Sprague silver-cased wet-slug 
capacitors, as already mentioned, the general existance of these problems in 
CLR-65 parts of other manufacturers clouded the acceptability of any CLR-65 
for use in spacecraft. The application of silver-cased wet-slug capacitors is 
not always properly undertaken. And then the silver migration problems just 
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Figure 6. Silver from the electrolyte that is redeposited on the cathode 
can because of an excess ripple or by a strong direct 
voltage of the proper polarity. 
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Figure 7. Enlarged view of the silver crystals shown in Figure 6. 
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described can manifest themselves. Probably one of the most vexing problems 
to the space program has been how to cope with the long-time interval that exists 
from the time that parts are procured until the assemblies are used, i.e. the 
long-term storage of equipment on the shelf. 

In many cases five or more years pass between the time that the equip- 
ment was manufactured and the time that it is used. With these problems to 
contend with, it became obvious that NASA needed a better capacitor to use in 
these types of applications. There are other capacitors which could be con- 
sidered since the silver-cased wet-slug capacitors could experience silver migra- 
tion problems. The other types of capacitors also have drawbacks. Solid tantalum 
capacitors have a catastrophic failure mode. Foil tantalum capacitors tend to be 
less effective in filtering action as well as being appreciably larger and heavier. 
Aluminum electrolytic capacitors have not been used because of a lack of hermetic 
seal and for other good reasons. Thus, the silver-cased tantalum capacitor, 
despite its faults , was still an excellent choice in most of these applications. 

These problems were outlined by Marshall Space Flight Center of the National 
Aeronautics and Space Administration to the Sprague Electric Company. The 
components manufacturer indicated that they already had a low priority in-house 
project which, if successful, would provide a solution to this problem. It was 
the same type of development which NASA engineers had contemplated as solving 
their problems. Based on the preliminary work that Sprague had done over a 
number of years and the requirements of NASA for a part to achieve these 
results at an early date, a contract was awarded by NASA to the Sprague Electric 
Company to expedite the development of a tantalum-cased tantalum capacitor. 


TANTALUM-CASED TANTALUM CAPACITORS 


The basic criteria which were established as goals for the tantalum-cased 
tantalum capacitor were simple but all inclusive. The part must be physically 
and electrically interchangeable with the parts already in use which were pro- 
cured as MIL Style CL65, CLR65, and CLR67 parts. If the new design could be 
made completely interchangeable with the old parts, then any new production 
runs of equipment could use parts of the new design without any engineering 
redesign efforts. In many cases where a problem was known or suspected to 
exist, parts of the new design could be used for direct retrofit, again without 
engineering redesign efforts. Last, but by no means least, would be the expanded 
use of the part by other than NASA due to its interchangeability with Style CLR65 
parts already designed into military and other critical applications. This universal 
applicability of the part would appreciably improve the availability of the part due to 
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wider usage. These requirements were all met by the development of the 
Sprague Type 135D tantalum -cased tantalum capacitor. Figure 8 shows the 
similarity of appearance and physical size of a welded-tubulation, silver-cased 
wet slug capacitor and an all -welded, tantalum-cased tantalum capacitor. 



Figure 8. Comparison of welded-tubulation silver-cased 
cylindrical capacitor with all -welded tantalum-cased 
cylindrical capacitor. 

The real keys to the successful development of the tantalum -cased 
tantalum capacitor were the development of a high-capacitance tantalum cathode 
contact surface on the inside of the tantalum case, as well as the welded closure 
between the glass -to -metal seal and the tantalum case. These were the major 
obstacles that had to be overcome to have a "one-for-one” replacement for 
silver-cased, wet-slug tantalum capacitors. 


ATTRIBUTES ACHIEVED WITH THE SPRAGUE TYPE 135D 


The Sprague Type 135D tantalum-cased tantalum capacitors shown in the 
photograph of Figure 9 are currently available in four case sizes. They are 
capable of meeting all of the physical and electrical requirements of the parts 
they are designed to replace. 
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Figure 9. Tl, T2, T3, and T4 tantalum -cased 
wet slug tantalum capacitors. 


SHOCK, VIBRATION, AND THERMAL SHOCK 


The highly successful basic shock and vibration resistance construction 
for wet-slug capacitors developed by Sprague and successfully used for many 
years has been incorporated in the Type 135D as shown in Figure 10. Figure 11 
is a cross-section photo of this construction. The PTFE ’’spider” supporting 
the lower end of the slug is visible. The PTFE bung supports the top of the slug. 
It is in compression under the glass-to-metal seal which is welded in place. 

The ’’flow” of the PTFE bung over the top edge of the slug due to the compression 
assembly is readily visible. Incidentally, the sintered tantalum cathode liner is 
also visible along the sides of the case. Thus, the Type 135D will withstand 80 g 
vibration or 0.06 degree double amplitude vibration, whichever is less, over the 
range from 10 to 2000 Hz for 3 h in each of the two axes, axial and radial. This 
is appreciably more than the 20 g maximum vibration capability of conventional 
wet-slug tantalum capacitors with anodes which are inadequately supported. In 
addition to the ability of the parts to withstand 80 g vibration, a Type 135D 
capacitor will also withstand 100 g, 6 ms saw-tooth shock requirements. The 
requirements of MIL-STD-202, Method 213 are easily met. This combination 
of an all-welded case construction and the well -designed vibration support results 
in capacitors capable of withstanding far more than the thermal shock require- 
ments of MIL-STD-202, Method 107. 
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Figure 10. Typical cross-section of all-welded tantalum-cased 
cylindrical wet-slug tantalum capacitor (Sprague type 135D) . 



Figure 11. Cross section photo of the highly successful basic shock 
and vibration resistance construction for wet slug 
capacitors developed by Sprague. 



TEMPERATURE STABILITY AND CAPACITANCE RATIO 


Figure 12 shows the results of conducting the temperature stability test 
requirements of MIL-C -39006. This family of curves is for four ratings in the 
T3 case size. These curves compare very favorably with the parts they are 
intended to replace. It will be noted that the high capacitance-low voltage rated 
parts experience the most change. The vertical bars at each measurement 
temperature indicate the range of values that existed for the entire group of 
parts tested while the line connects the median values. Typical capacitance 
ratios versus temperature for a larger number of ratings in three case sizes 
are given in Figures 13(a) , (b) , and (c) . 
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Figure 12. Results of conducting the temperature stability 
test requirements of MIL-C-39006. 
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c. Type 135D, T4 case. 


Figure 13. (Concluded) 

TEMPERATURE RISE DUE TO RIPPLE CURRENT 


A criterion of allowable temperature rise which results from ripple 
current has not been directly used in the past. In most types of capacitors, the 
maximum permissible temperature has usually been determined by the melting 
point of solder, the plastic point of plastic films, the boiling point of impregnant 
or electrolyte, etc. These factors are no longer as applicable for Type 135D 
capacitors as they have been for other parts. These capacitors are constructed 
of only four materials: tantalum, glass, PTFE, and sulfuric acid. Therefore, 
since there is no silver for silver migration and the capacitors are assembled 
by welding instead of soldering, it becomes possible to consider maximum 
temperature as the criterion for ripple current. With this in mind, a number of 
temperature rise versus rms ripple current curves were plotted. These tests 
were all made at ambient room temperature. The extreme values are plotted 
in Figure 14, It can be seen that a given temperature rise results from a lower 
ripple current at 120 Hz than at 40 kHz. This, of course, is caused by the 
decrease in equi valent series resistance (ESR) as frequency increases. Typical 
values of ESR as a function of frequency are given in Figure 15. 

Evaluations of life as a function of applied ripple current are being made. 
At the present time, it appears that the prime consideration is the maximum 
temperature of the unit. A conservative temperature rise limit of 50 °C over 
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(a) Case Tl. 


(b) Case T2. 



(c) Case T3, (d) Case T4. 

Figure 14. Extreme value temperature rise versus rms 
ripple current curves. 

ambient with a maximum of 125°C ambient temperature is currently used. This 
compares with a temperature rise limit of 5°C to 10° C with a maximum of 85° C 
or 125° C ambient temperature for currently made silver-case parts. Preliminary 
data indicate that a more realistic limit for the 135D will probably be 175° C or 
higher. 


SURGE CURRENT CAPABILITIES 


Earlier it was stated that filter capacitors in power supplies have limita- 
tions that must be met if a reasonable performance capability is to be achieved. 
Probably the most severe application is the input capacitor of a capacitor -input 
type of filter. This capacitor is subjected to severe surge currents as well as 
high ripple currents. A solid tantalum capacitor in this application tends to fail 
by short-circuiting without prior warning. A silver-case wet-slug capacitor is 
an improvement but has silver migration problems with high ripple currents. 
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Figure 15. Typical values of ESR as a function of frequency. 

In the Type 135D capacitors, there is no silver present and silver migra- 
tion is obviously no problem. It was believed desirable to evaluate their surge 
(inrush) current capability in this type of application. The circuit of Figure 16 
was set up. The 100 000 fj,F capacitor is a stacked- foil aluminum electrolytic 
design with a very low ESR (measured in milliohms) . The total current-limiting 
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Figure 16. Timer using two 30 A mercury relays. 
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circuit resistance, including the fuse, is less than 0. 3 Q , . With this circuit, 
individual capacitors are subjected to more than 100 -amp charge and discharge 
surge currents. The results of 100 000 charge/discharge cycles are shown in 
Figure 17. The vertical bars in the upper figure show the range of capacitance 
values for all the parts tested while the curve ties together the median values. 
After 100 000 surge-current cycles, typical capacitance values had only changed 
about 1. 6 percent. The lower curve shows the average leakage current for the 
lot of parts tested as a function of the number of surge current cycles. It can 
be seen that the average leakage current decreased by an order of magnitude. 




Figure 17. The results of 100 000 charge/discharge cycles. 


LIFE TESTS 


Of all of the testing and evaluation that needs to be performed on a new 
device, obviously life testing requires, by far, the most time. Therefore, during 
the early stages of evaluation, life test data will be less complete than other types 
of evaluation data. The 135D capacitor is no exception to this fact of life. 
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At present, dc life tests beyond 10 000 h (approximately 14 mos) have 
been completed on a number of ratings. Typical of these are the data plotted in 
Figure 18. Note that the parts are extremely stable with time. The more 
stringent ripple current life tests have not reached the 10 000 h mark as yet. 
However, the preliminary data are most encouraging. 



Figure 18. Plot of dc life tests. 


CONCLUSION 

The development program originally conceived by Sprague Electric and 
accelerated and expanded under the moral and financial support of the Marshall 
Space Flight Center of NASA has produced a new and superior capacitor. 
Tantalum-cased tantalum capacitors have already found acceptance by the 
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military to upgrade the performance and reliability of critical electronic equip- 
ment. Type 135D capacitors are currently being evaluated for use in other life 
support and life critical applications. The wide applicability of these capacitors 
with their superior performance should make them the "work-horse" of the next 
generation of equipment. 
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USE OF HEAT PI PES IN ELECTRONIC HARDWARE 


by 

James R. Graves 
Power Branch 

Electronics and Control Laboratory 


George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 



GOALS 


In its continuing effort to reduce cost associated with space hardware 
development and production, MSFC is developing various standard items of 
equipment that show promise of significant savings in development dollars for 
use on future missions (Fig, 1) . Among these is a modular, multiple output 
power converter which can be tailored to meet specific mission requirements 
with minimum development cost and risks. The converter is designed to convert 
a bus or distributed voltage to various regulated voltage levels required by a 
user with a minimum of hardware changes. 


• DEVELOP A MODULAR, MULTIPLE OUTPUT TYPE 
CONVERTER FOR USE AS NASA STANDARD 
HARDWARE 

• DEVELOP ADVANCED HEAT REMOVAL TECHNIQUES 

FOR POWER PROCESSING EQUIPMENT 


Figure 1. Goals, 

To further improve performance and reduce size and weight, the conver- 
ter package design utilizes advanced heat removal techniques, namely heat pipes, 
to remove internally generated heat more effectively than conventional methods. 


LOAD CENTER CONVERTER (LCC) 

Description 

The LCC consists of a mainframe chassis with interchangeable, plug-in 
regulator modules. The mainframe chassis serves as a common support base 
and distribution chassis for the regulator modules and contains the housekeeping 
power supply and input filtering. The plug-in modules contain the output regulator 
including the power switching elements and the associated drive and control 
circuitry. Each output regulator module is capable of up to 100 W of output 
power at a specified voltage level of 4 to 80 Vdc. 

The LCC shown in Figure 2 is the four module mainframe version capable 
of up to 400 W of output power. Also available are a one and two module main- 
frame version with output capability of 100 to 200 W, respectively. 
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Figure 2. Load Center Converter (LCC) . 

A simplified functional block diagram of the LCC electrical design is in 
Figure 3. All output regulator modules are identical with the exception of the 
power transformer and a resistor divider network in the comparator and failure 
detection circuitry. These particular components are selected as a function of 
tiie output voltage level required. 


Characteristics/ Featu res 

Figure 4 lists some of the more important characteristics and features 
of the LCC. Of notable significance is the overall LCC efficiency, 85 percent. 
This compares to 50 percent for nonswitched mode multiple-output converters 
and 60 to 70 percent for typical switched mode multiple-output converters. 
This is achieved by a single regulation stage and could be quite significant in 
terms of energy saving in a time of an energy shortage; particularly if all 
ground type power supplies would operate this efficiently. 
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INPUT 
24-36 VDC 



Figure 3. LCC block diagram. 


CHARACTERISTICS 

• INPUT VOLTAGE: 24 TO 36 Vdc 

• OUTPUT VOLTAGE: 1 TO 4 DISCRETE VOLTAGE LEVELS 
(4 TO 80 Vdc) 

• OUTPUT POWER: 100 TO 400 W SELECTABLE 

• EFFICIENCY: 85 PERCENT MINIMUM WORST CASE AT 
FULL LOAD 

• VOLTAGE REGULATION: ±0.25 PERCENT 

• OUTPUT RIPPLE: 1.0 PERCENT MAXIMUM PEAK-TO-PEAK 

• DIMENSIONS: LENGTH - 23.0 cm WIDTH - 21 .3 cm 
HEIGHT - 13.7 cm 

• WEIGHT: 6.4 kg 

FEATURES 

• REMOTE START-UP/SHUTDOWN CAPABILITY 

• OVER-VOLTAGE/UNDER-VOLTAGE PROTECTION 

• SHORT CIRCUIT PROTECTION 

• INPUT/OUTPUT ISOLATION 

• REMOTE SENSING CAPABILITY 


Figure 4. Characteristics and features of the LCC . 
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HEAT PI PE 


Heat Pipe Characteristics 

The heat pipe selected for the LCC application is constructed of stainless 
steel tubing containing a stainless steel wi eking structure and methanol as the 
working fluid ( Fig. 5) . This selection was based on meeting the LCC operational 
temperature requirements and the thermal transport requirement. 


• 

ENVELOPE/WICK MATERIAL 

STAINLESS STEEL 

• 

WORKING FLUID 

METHANOL 

• 

THERMAL TRANSPORT CAPACITY 

25 W 

• 

THERMAL RESISTANCE 

0.55° C/W 


THERMAL RESPONSE 

50 s 

• 

OPERATING TEMPERATURE RANGE 

-40° C TO +120°C 

• 

DIMENSIONS 

13.2 cm X 0.64 cm 

• 

WEIGHT 

11 gm ; 


Figure 5. Heat pipe characteristics. 


Basic Heat Pipe Structure 

The basic heat pipe structure consists of a sealed tubular container 
enclosing a wick structure for capillary flow of the liquid added to saturate the 
wick (Fig. 6) . With the application of heat, some liquid vaporizes and flows to 
a cooler region where it condenses. The wick returns the condensate through 
capillary pumping action. Evaporation, condensation, and pumping of the liquid 
in a capillary wick are used to continuously transfer latent heat of vaporization 
from one region to another without external aids. 


Transistor-Diode/Heat Pipe Interface 

In employing heat pipes, careful attention must be given to obtaining a 
low thermal impedance at the heat pipe interfaces* For the LCC application, a 
saddle arrangement was devised for effecting a low thermal impedance between 
the power transistor cases and the heat pipe and a similar scheme was used for 
coupling the power diodes. These are the major LCC heat producing components. 
This technique resulted in a 14°C (25°F) reduction in hot spot temperature 
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HEAT OUT HEAT IN 



within the LCC. This can be translated directly into reliability — increased life 
of the components. In addition the basic technique is very applicable to ground- 
based systems which have high component densities and waste heat to be 
removed, and could result in significant simplifications and cost savings in heat 
removal systems. A diagram of the transistor -diode/heat pipe interface is 
shown in Figure 7. 


SUMMARY 


The LCC concept could find wind application in large computer and data 
handling systems or any type electronic system which requires one or more low 
level dc voltages. The piece part and housing commonality will reduce cost via 
large quantity buys and reduced number of spares. The heat removal concept 
employed in the LCC has resulted in reduced weight and volume, as well as 
simplified heat removal and reduced raw materials. The minimum 85 percent 
efficiency will also reduce operating cost substantially over presently used 
converters. The overall results — reduced energy use, simplified heat removal, 
reduced component temperatures, and a related increased component life, con- 
tribute significantly to today’ s needs. A summary of the LCC concept is shown 
in Figure 8. 
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TRANSISTOR/HEAT-PIPE INTERFACE 



Figure 7. Transistor-diode Aeat pipe interface. 


• VERSATILITY 

• OUTPUT VOLTAGE SELECTABLE (4 TO 80 Vdc) 

• MODULAR 

• INTERCHANGEABLE 

• MAIN FRAME SELECTABLE (100, 200, 400 W) 

• PIECE PART AND HOUSING COMMONALITY 

• HEAT REMOVAL 

• REDUCED WEIGHT - 40 PERCENT 

• REDUCED VOLUME - 24 PERCENT 

• REDUCED RAW MATERIALS 

• SIMPLIFIED HEAT REJECTION SYSTEMS 

• ENERGY SAVINGS 

• COMPARED TO <50 PERCENT NONSWITCH MODE 
CONVERTERS 

• COMPARED TO 60 TO 70 PERCENT TYPICAL 
SWITCHED MODE CONVERTERS 


Figure 8. Summary, 




SPACE POWER TECHNOLOGY APPLIED TO THE 
ENERGY PROBLEM 


by 

J. L. Miller and J. R. Morgan 
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SUMMARY 


A technique using aerospace technology is presented for applicability to 
large-scale hydrogen production in 1985 energy systems. Photovoltaic energy 
conversion is baselined with application design data provided. A comparison of 
hydrogen generation techniques, based on a 1985 scenario, is provided. System 
performance and costing characteristics are provided for 1985 application. 


INTRODUCTION 


What has been referred to as the "energy problem" would be more 
accurately described as the "fuel depletion concern. " The word "problem" 
implies "doubt" and "uncertainty" neither of which are proper descriptors of 
the doubtless certainty that our fossil fuel resources are rapidly being depleted. 
To say that we are running out of energy is equally incorrect. By definition, 
energy is ", . .the actual exertion of power, . , " whereas fuel is merely an energy 
carrier or substance in which energy is stored. Our entire life style is based in 
large part upon our ability to extract energy from fuel and to cause it to perform 
work (or other exertions of power) for us. The Designer of the Universe, 
acting out of infinite wisdom and toward a plan that mankind has yet probably 
not even begun to understand, provided not only a finite quantity of fuel in the 
Earth but also an energy source incorporating a fusion nuclear reactor properly 
located about 93 000 000 miles from Earth. 

Until about 200 years ago we knew only how to use the nuclear source. 

We knew how to use it to make our crops grow, to use the seasons and weather 
phenomena such as winds and the hydrologic cycle, and we could even heat water 
with solar energy. With the advent of knowledge of how to locate, extract, and 
use fossil fuels, our life style as we know it today evolved. Along with the 
conveniences , comforts, and expediencies of fossil fuel use came the pollution 
and concern about depleting the supply. With additional knowledge and searching 
we found that a certain amount of a different kind of fuel was also stored in the 
Earth. The major problem with its use is that we cannot figure out what to do 
with the contaminating fission product waste. The major difference between 
fossil fuel use and nuclear fuel use is that the "polluting'' effects of fossil fuel 
use are short-lived and the environment will "self clean" itself in a decade or 
two after the pollution stops. Nuclear energy use on the other hand produces a 
"contamination" that will require several hundred thousand years to dissipate 
to safe levels in the environment. 
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These ’’polluting" or "contaminating" concerns are probably not particu- 
larly important (assuming we can continue to contain and guard the nuclear 
waste) because we have such a small quantity of either that their use cannot 
continue far into the future. Using the term quad (quadrillions of Btu or 10 15 Btu) 
as a convenient energy quantity, one source [1] puts our fossil energy reserve 
inside U.S. boundaries at about 10 317 quads (335 for oil, 8670 for coal, and 
1312 for gas) . The "known or expected to be found" fissionable uranium reserves 
inside U.S. boundaries and obtainable at economically viable prices is only about 
884 quads [2] . To look at the fuel use pattern and trends between coal, petroleum, 
natural gas, etc. , over the range of a decade or two or even a couple of hundred 
years is to miss the big picture. Figure 1 puts the U. S. fossil fuel use [3] in 
proper perspective in relation to the availability of solar energy [4] . Even if 
one assumes the 11 201 quads of fossil and nuclear reserve previously mentioned 
to be consumed at the constant rate of approximately 85 quads per year, the 
supply will last only 132 years. Assuming a linear increase at the escalation 
rate, the supply will last about 56 years or until the year 2033. 



CALENDAR YEAR (AD) 

Figure 1. U.S. fossil fuel consumption and 
solar energy available. 

The obvious long range solution is to look to the Sun and to the energy use 
rate at which the Designer of the Universe has allowed for the planet Earth. The 
only way to increase this ultimate use rate is to go out in space with large 
reflectors and direct more of the energy toward us, but then we would probably 
get too hot. Another alternative is to by-pass the photosynthesis route to fossil 


259 



fuel resupply and go directly to a synthetic fuel generated from sunlight. The 
photovoltaic water electrolysis (PWE) system described in this paper converts 
solar energy into the synthetic fuel hydrogen. A description of the system 
operation, technologies involved, and predicted economics are contained in the 
following narrative. 


PWE SYSTEM DESCRIPTION 


There are two basic technologies involved in converting sunshine into 
hydrogen fuel. Figure 2 shows a block diagram of the PWE system. Solar 
energy is converted into dc electrical energy by photovoltaic devices called 
solar cells and the dc energy is then used to electrolyze water in electrolysis 
cells. An artist’s concept of how a large plant might look is shown in Figure 3. 
The fuel production plant envisioned here occupies approximately 11 acres and 
has an annual production capability of about 170 000 lb of hydrogen or an energy 
equivalence of about 1800 barrels of oil. The solar array form occupies about 
10, 5 acres of the tract and has a peak output of about 1, 5 MW at noon on a 
sunny day. 

The solar cells are silicon devices developed for the space power market 
and currently beginning to be used in terrestrial applications. Efficiencies of 
12 to 16 percent are currently achievable at prices of $ 10 to $ 15/watt of peak 







Figure 2. Photovoltaic/electrolytic hydrogen generation plant. 
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Figure 3. Photovoltaic-electrolytic hydrogen generator. 

performance. It is anticipated that by 1985 cell efficiencies of 18 percent at 
prices between $ 0. 20 and $ 0 . 50/W of peak performance will be available. 

The Low Cost Silicon Solar Array Project managed by JPL for ERDA has the 
objective of bringing the price of an encapsulated solar array to under $ 1.60/ft 2 
by 1985 with an assured lifetime of over 20 years [5] . 

Looking at the solar energy available in North Alabama, Figure 4 shows 
the weekly averages of available energy at a fixed southerly facing angle of 45° 
on the roof of Building 4487 at the Marshall Space Flight Center. These data 
were obtained for the entire year of 1975 and show that even the worst weeks 
have over 100 W-h/ft 2 /day available and the best ones range up to 500 W-h/ft 2 /day. 
The overall annual average for the year of 1975 is 360 W-h/ft 2 /day. One advan- 
tage that a photovoltaic system has over a pure thermal absorber is the fast 
response time. Figure 5 shows the energy available between 6:00 a.m. and 
7:30 p.m. on April 16, 1975, which was a perfect day with 590 W-h/ft 2 integral 
under the curve. This is an ideal day for either a photovoltaic or thermal 
absorber system. However, Figure 6 is more typical of the average day. In 
this case the integrated available energy of 324 W-h/ft 2 has a considerable 
amount tied up under the sharp spikes which the 10 ps response time of PWE 
system can extract. Also, solar cells will give a proportional output for the 
dimly illuminated overcast days of inclement weather. 
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Figure 4. Available solar energy weekly average 
45° Huntsville, Alabama, 1975. 



5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

TIME OF DAY 


Figure 5. Solar energy available, day 106, April 16, 1975, 

Q = 590 W-h/ft 2 45° fixed. 

To arrive at an economic viability prediction for the 1985 time period, 
the 1977 situation was used as the point of departure and cost information was 
generated for both time periods. Figure 7 shows the resulting prediction that 
costs per kW-h of dc energy generated by solar array forms will decrease from 
approximately $0.48 to $0.74/kW-h in 1977, to $0.03 to $0.07/kW-h in 1985. 
The 1977 estimate is based upon the 12 to 16 percent efficiency spread and $ 10 to 
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TIME OF DAY 


Figure 6. Solar energy available, day 90, March 31, 1975, 
Q = 324 w-H/ft 2 45° fixed. 



Figure 7. Photovoltaic energy cost trend. 


$ 15/W capital cost information given earlier. The 1985 estimate is based 
upon 14 to 18 percent efficiency and $0.20 to $0.50/W capital cost. In addition 
to these estimates, it was assumed that standard panels of 3 ft x 10 ft mounted 
in clusters of 5 panels per lean-to would be connected by underground wiring to 
the water electrolysis plant. The lean-to’s were assumed to be spaced apart 
twice their width to prevent shadowing one another. The result is a 33 percent 
area utilization factor. For an assumed field of 25 rows of 40 lean-to’s per row 
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an effective area of 150 000 ft 2 of solar array can be deployed in a field of 
approximately 10. 5 acres. To arrive at a total life cycle cost it was assumed 
that each lean-to could be built for $100 to $400 and wired into the electrolysis 
system for an additional $50 to $100. This results in an overall installation 
cost of $150 000 to $500 000 for the entire field. A fixed maintenance cost of 
$ 30 000 per year was assumed. 

The capital cost of the solar cell panels was calculated from the expected 
peak performance and the price per peak watt stated earlier. The performance 
on a per square foot basis was obtained by calculating the best and poorest cell 
packing densities achievable with the round terrestrial cell. This range is 
from 0. 78 to 0. 87. 

Finally, the capital plus maintenance cost on a per square foot per month 
basis was arrived at by amortizing the capital over an anticipated life of 20 years 
at assumed interest rates of 8 and 10 percent and then adding the monthly 
maintenance cost to that. Overall average performance was obtained by multi- 
plying the average energy available by the packing factor and by the cell 
efficiency. 

There are reflective louver concentrator concepts which are attractive 
and could reduce energy costs in the early timeframe. Description of these 
alternatives is beyond the scope of this paper. However, assuming a reflective 
louver cost of $ 2/ft 2 plus $ 0.33/ft 2 for installation and an additional $250 per 
lean-to for a tracker and a 10 year lifetime, the best that can be expected in 
the 1977 timeframe is $0.30/kW-h. Concentrators offer no advantage in 1985 
because the added capital and maintenance cost compared to the anticipated low 
solar cell array cost results in driving the energy cost upward. Using the same 
assumptions previously stated for concentrator cost and life in the 1985 time 
period, the previously stated $0.03 to $0.07/kW-h would increase to $0.04 to 
$0.09/kW-h. To evaluate the overall 1985 economic viability of the PWE system, 
a break even transfer cost of $0.03/kW-h was taken as being the most optimistic 
justifiable number. 

Conversion of the solar energy to a useable fuel may be accomplished 
through several mechanisms [6,7, 8] . Considerable research is being conducted 
in thermal decomposition and photosynthesis of water. However, without a 
major technology breakthrough, the most promising hydrogen generation technique 
is water electrolysis. The capital investment and operating cost sensitivities of 
other generation techniques cannot compete with electrolysis in the 1977 or 1985 
markets. Even electrolysis cannot be cost effective for large hydrogen volumes 
in the 1977 time period when compared with hydrogen generation from fossil fuel 
sources. With rising fossil fuel costs and their limited availability, electrolysis 
will prove cost effective in the 1985 or earlier time periods. 
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There are three candidate electrolyzer technologies being currently 
developed; alkaline matrix, solid polymer electrolyte, and solid oxide electrolyte. 
For the 1977 commercial market, the alkaline matrix technology represents the 
most commercially developed. ’’Off-the-shelf’ units using this technique are 
currently available for production rates up to 1.4 MBtu hydrogen/h. The solid 
polymer electrolyte technology will prove most cost effective during the 1980 to 
1990 time period. Beyond 1990, the solid oxide electrolyte technology will 
become commercially available. An artist’s concept of a typical hydrogen 
generation facility is shown in Figure 8. 



Figure 8. Electrolytic hydrogen generator. 


The alkaline matrix technology requires bulky subsystems and recircula- 
tion of electrolyte to produce reasonable sized electrolyzer units. For small 
hydrogen generation rates (less than 1.0 MBtu hydrogen/h) this technique will 
prove competitive beyond 1985. This system is a derivative of the alkaline 
matrix electrochemical technology developed by NASA and currently being used 
in the Space Shuttle fuel cells to provide electrical power. 

The solid polymer electrolyte (SPE) technology for electrolysis is a 
direct derivative from the NASA Gemini program. ERDA is planning extensive 
development in SPE technology in association with EPRI. EPRI is an organiza- 
tion of electric power utilities which was formed to pool their research funds to 
meet their common goals. This technology emphasis is expected to reduce 
capital equipment costs to approximately $30 to $ 60 per MBtu hydrogen as 
shown in Figure 9. 
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Figure 9. Projected SPE electrolyzer capital costs. 


Selection of a design operation point is made on a basis of current 
density, capital equipment costs, and electrical power requirements as shown 
in Figure 10 [9] . The example shown uses a current density of 1500 mA/cm 2 
which results in capital costs of $ 62/MBtu hydrogen/h and an energy require- 
ment of 298 kW-h/MBtu hydrogen generated. Using these parameters with an 
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Figure 10. Electrolytic hydrogen costs, 1985 basis. 
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8 percent amoritization of capital costs over the projected life of 20 years, 
hydrogen generation costs are determined based on various electrical power 
costs as shown in Figure 11. Using the 1500 mA/cm 2 operating point and an 
assumed electrical power cost of $0.02/kW~h, the hydrogen production cost is 
slightly more than $ 9. 00/MBtu hydrogen. 



Figure 11. Hydrogen generating cost, 1985 basis. 

The cost of producing hydrogen from fossil fuels is shown in Figure 12 
[9, 10] . Production from natural gas is accomplished by methane reformation. 
Fuel oil oxidation is used for fuel oil sources. These curves reflect the impact 
of fossil fuel costs, but do not show labor inflationary factors which will occur 
between now and 1985. Such factors will increase the slope of the fossil fuel to 
hydrogen conversion curves. Based on these curves and the projected energy 
costs of fossil fuels for 1985, it is expected that electrolytic hydrogen production 
will be cost competitive with fossil fuel hydrogen production techniques [9] . 

The principle hydrogen users in 1985 are expected to remain as they are 
today, i.e., industrial consumption for manufacturing semiconductor devices 
and fertilizer and for heat treatment processing. Residential uses for electrical 
power and heating/cooling applications are not expected to materialize before 
1990. Similarly, transportation users for electrical or internal combustion 
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Figure 12. Fossil fuel hydrogen cost. 


powered vehicles are not expected to mature by 1985 [10] . With major users 
being in the industrial market, it is conceivable that small systems of the type 
described in this paper will provide a substantial portion of these hydrogen 
consumers. 


CONCLUSION 


Photovoltaic/electrolytic generation of hydrogen will prove economically 
feasible by 1985. The physical technologies exist today for such a system, 
although it is not cost competitive. The extensive development efforts by ERDA 
and EPRI during the next 5 years will reduce the cost of NASA derived technology 
to a competitive situation. Photovoltaic generated power will cost in the range 
of $0.03 to $ 0.07/kW-h and electrolytic hydrogen will be available at $9.00/MBtu 
which will be competitive with fossil fuel sources. 
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SUMMARY 


This paper describes the development, application, pros and cons of the 
semicustom and custom approach to the integration of circuits. Integrating with 
custom and semicustom is considered in terms of cost, reliability, secrecy, 
power, and size reduction. Sources of commercial semicustom integrated 
circuits are included with circuit types and costs. 

The development of a Standard Transistor Array Radix (STAR) at the 
NASA -Marshall Space Flight Center is also described. STAR is a semicustom 
approach to digital integrated circuits that offers the advantages of both custom 
and semicustom approaches to integration. 


INTRODUCTION 


The development and utilization of integrated circuits has certainly been 
a significant technical accomplishment. The application of large scale integration 
to items that affect us directly are becoming evident in the form of pocket 
calculators, digital watches, home appliances, automobiles, and other electronic 
hardware. An still the technology is changing so rapidly that it is impossible to 
stay abreast of the new products introduced daily which employ integrated 
circuits. This technology like so many others was spawned and utilized by the 
space program and its benefits are now spreading. 

The area of integrated circuits is a highly complex technology and its 
understanding and application by those who are directly involved in it can be 
difficult. Such choices as which integrated technology to use, selecting off-the- 
shelf chips, employing a microprocessor, or developing a custom integrated 
circuit are things with which electronic designers are confronted. This paper 
and presentation describe the development, application, pros and cons of the 
semi custom and custom integrated circuits, and the development of STAR and the 
NASA-Marshall Space Flight Center. 

Most electronic designers never consider the use of a custom or semi- 
custom integrated circuit when converting logic to hardware. The designer 
realizes there are usually enough standard chips available that have been 
produced by integrated circuit manufacturers to do the job. These standard 
parts have evolved over a period of years based on demand and the ability of the 
integrated circuits manufacturer to produce large volumes cheaply. The 
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designer realizes that it would be advantageous if all the chips could be included 
in one chip; but complexity, cost, and turnaround have prevented most designers 
from attempting to integrate their designs. However, with repeatable processing, 
newly added technologies, new sources, a demand for faster turnaround, secrecy 
of design, and the willingness on the part of some large processing facilities to 
process for the low volume semicustom sources, a semicustom integrated cir- 
cuit may be the best design solution. The large processing facilities accept this 
arrangement because the summation of the semicustom sources work amounts 
to volume. 

Semicustom or standard integrated circuit patterns have existed for quite 
a few years. It was realized early that if you could develop a standard array that 
contained transistors, diodes, and resistors, and use only one unique mask (the 
metal interconnect mask) , most of the production steps would be eliminated and 
a semicustom integrated circuit would result. This was first applied to the 
bipolar technology and has been used successfully in linear applications. The 
semicustom approach also works for digital circuitry with replicated gates, 
logic cells, and input/output buffers. In each case the wafers are processed up 
to the metallization layer. The unique metal mask which converts the standard 
patterns to a semicustom integrated circuit is only defined upon need, and in 
many cases the metal mask layout can be done by the designer. Figures 1 and 2 
show commercially available semicustom linear and digital integrated circuit. 

The true custom integrated circuit (unique from diffusions to metalliza- 
tion) has always been viable. It has been developed in all technologies, imple- 
mented with manual and design automation techniques and is the best approach 
for the large volume user. However, the low volume user has been left out of 
the custom approach due to high initial cost and the large part orders/year 
required. Figure 3 is an example of a true custom integrated circuit implemented 
using design automation techniques employing standard logic cells. 

In the digital area the microprocessor has shown strength in its applica- 
tions with a number of microprocessors attempting to solve the designers need 
for custom hardware. The designers are suddenly faced with becoming micro- 
programmers as well as hardware specialists. This also puts a burden on the 
microprocessor, since it must do every general task, its use may become more 
complex, costly, and prolonged than if the custom or semicustom hardware 
equivalent had been used. Figure 4 is a microprocessor board with its supporting 
chips. 


It becomes evident that custom hardware is here to stay along with 
standard parts and microprocessors. There is a need for enhancement of the 
semicustom approach with emphasis on ease of integration, high packing density, 
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Figure 2. Semicustom digital integrated circuit. 
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Figure 3. A custom digital integrated circuit. 
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Figure 4. The microprocessor. 

and flexibility with technologies while gaining the benefits of lower cost, high 
reliability, secrecy of design, lower power dissipation, and servicing ease. 
Figure 5 represents a brief look at the reasons for integrating, and a discussion 
of these points in terms of custom and semicustom integrated circuits follows. 


• COST 

• RELIABILITY 

• SECRECY 

• POWER 

• SIZE 

• SERVICING 


Figure 5. Semicustom versus custom. 
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COST 


Cost reduction is a significant reason for integration. It is not uncommon 
to integrate a logic board with 30 standard parts costing $50 to $100 into a single 
chip costing $10 to $30. There are also other indirect cost reductions due to 
reduction of interconnects and reduced power needs. Semicustom integration 
costs range typically between $1800 to $10 000 which yields initially 25 to 70 
prototype parts in three to eight weeks. Some designs are practical for as few 
as 100 circuits; but most are in the 1000 to 100 000 quantity range. The price 
range is determined by a choice of development plans that range from total 
designer layout to complete semicustom source responsibility. Additional 
packaged parts typically cost $0. 80 to $ 8. 00 each with the cost determined by 
the quantity required. True custom integration costs are significantly higher, 
typically $ 50 000 to $ 100 000 required initially and a minimum order of 100 000 
parts/year with six months to a year turnaround. Designs requiring above 
100 000 parts tend to be vehicles for true custom integration with the price per 
part negotiated. 


RELIABILITY 


Another reason for integration is reliability. Interconnections are the 
weakest link in a system. If thirty packages are integrated into one a substantial 
number of interconnections have been eliminated. The reliability of semicustom 
and custom integrated circuits will be equal if designed (same design guidelines) , 
processed, and packaged equally. 


SECRECY 


Secrecy of design is becoming of great importance, especially in the high 
risk commercial markets. This is a main selling point for the semicustom 
sources. Custom integrated circuits would be even more difficult to copy. 
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POWER REDUCTION 


The integration of thirty separate chips into one will yield a power reduc- 
tion in any technology with custom or semicustom integration. Power require- 
ments are very application and technology dependent. Semicustom sources 
provide most of the established technologies that are repeatable by different 
processing facilities. Custom circuits provide these technologies and the newer 
ones. 


SIZE REDUCTION 


Integration always brings about a size reduction whether done in semi- 
custom or custom. In terms of actual silicon used it is generally true that the 
commercial semicustom circuit will use more silicon than an equivalent custom 
circuit because only 80 percent of the patterns are normally utilized. 

A list of the major sources of commercial semicustom integrated circuits 
is given in Table 1. Included are their trade names, available technologies, 
circuit types, basic cost, and turnaround times. Each source will supply upon 
request information explaining their integration procedures. Some sources 
provide a design kit ($25 to $90) which includes layout manuals, subsystem 
parts, and detailed information for layout of the interconnecting data. 


THE STANDARD TRANSISTOR ARRAY RADIX (STAR) 


This material describes a digital semicustom approach to integrated 
circuits. Our interest in semicustom integrated circuits in the Electronics and 
Control Laboratory, MSFC, has developed from our experience with custom 
integrated circuits. At MSFC we have an established custom integrated circuits 
program that is primarily research and development but provides support for 
in-house programs in low volume. The system incorporates state-of-the-art 
design automation software. This includes automatic layout programs, logic 
simulators, mask analysis, interactive graphics, test pattern generation, and 
artwork generation software. Mask making, device processing, and packaging 
capabilities are also available. 
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The development of the STAR stems from an attempt to mix the best of 
both custom and semicustom approaches to integration. Figure 6 is a flow chart 
of the development. The main objectives were ease of use (system establishment 
and operations) , high packing densities, and flexibility with changing 
technologies. 

Ease of use was a primary point because of our awareness of the difficulties 
in establishing and supporting a design automation software system. Many poten- 
tial users do not have large computers, interactive graphics system, large staffs, 
or financial backing to support a complex design automation system. The STAR 
approach provides for manual or printed interactive graphics and design automa- 
tion. A predefined array of transistors that the user need not design, and a 
column-row layout that can be implemented on a relatively inexpensive computer. 
The cell concept is used but the actual devices are not involved in the cell design, 
only a double metal interconnect of the devices are routed to achieve the logic 
function. 

Achieving high packing densities equal to or better than automatic layout 
was another aim and is achieved through an MSEC double metal process. 


As technologies change there is a need for the design system to follow the 
technology but without a major overhaul of the software. The STAR is flexible 
because only the array understructure need be redefined. The new masks are 
generated and the STAR processed in the new technology, The cell placement 
and interconnect data that are defined for a design in one technology are trans- 
ferable to another technology because only the array understructure changes. 
Wiring channels, gate locations, and source-drain contacts are maintained at 
fixed locations. 

A double metal MOS process was defined by the device processing facility. 
This MSFC sputtered double metal process has been employed in small scale 
integration with double metal interconnect over the active and inactive regions 
of the chip. Continued testing with large numbers of interconnects and VTA's 
confirmed the process to be viable. Figures 7 and 8 show the double metal 
cross section and an example of its implementation. 

The transistor array consists of alternating rows of P and N devices with 
ground and V+ supply. The transistors are sized for logic loads and are 
paralleled when driving large off-chip loads. The array is surrounded by multiple 
use input/output pad cells. Conversion from input to output to power pad is 
accomplished by placing metal lines that bypass series resistors. The first 
array is in CMOS bulk silicon technology with the array defined in CMOS silicon 
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Figure 6. STAR semicustom approach. 
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Figure 7. Double metal CMOS bulk metal gate 
technology cross section. 



Figure 8. MSFC double metal MOS technology 
implemented. 

gate, CMOS-SOS, and in closed contour logic (CMOS bulk and CMOS-SOS) . The 
artwork for the array was generated with design automation software and the 
masks fabricated. The first five masks were used to process the array up to 
total metallization. The basic array will be produced in three sizes ranging 
from 384 transistors to 5264, and these sizes are shown in Figures 9 and 10. 
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Figure 9. 384 transistor STAR structure. 
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Figure 10. 5264 transistor STAR structure 





A double metal logic cell family was defined which contains the normal 
building blocks for logic design. A cell is designed by defining the double metal 
interconnect to the transistors. 

Figure 11 shows the array layout and the STAR logic cell design. All cell 
placements and routes are restricted to an 0. 8 mil grid. The first level of metal 
is 0. 5 mil; VLA’s through the insulating oxide are 0. 3 mil, and the second level 
of metal is 0,4 mil. Vertical routine is normally done in first level metal and 
horizontal routing in second level metal. Each cell design starts with a source- 
drain tied off to ground and V+. The three routing channels between the P and N 
transistors are normally used for cell design. The wiring channel stubs 
surrounding the cell in Figure 11 show the routing channels available in double 
metal to supply signals and to interconnect the cells. Figure 12 is an example 
of a large STAR cell layout. 
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Figure 11. STAR logic cell. 
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Actual placement and routing of the logic cells to complete a logic design 
can be done on graph paper, a PCB layout system, interactive graphics, or with 
design automation techniques. This flexibility is due to the 0.8 mil grid system 
to which all cell placements and routes are restricted. Figure 13 is a portion 
of a design with logic cell placed and interconnected. The transistor under- 
structure is not shown since only the interconnect levels were being defined and 
the input/output cells are only used as a backdrop for routing into them. For 
manual layout a printed backdrop of the array under structure with the input/output 
cells will be used and the cell placements and routing would be done on a trans- 
parent oversheet. Design automation techniques are currently being applied to 
the STAR which will form the routing data from an input connectivity list. The 
cell placement and routing data in the form of cards or other computer input 
is merged by an artwork generation program to generate the double metal 
interconnect mask data. The masks are used to convert the already processed 
array understructure into a semicustom integrated circuit as described and 
shown in Figures 14 and 15. 
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CONCLUSION 


The semicustom approach to integration is a commercially available 
option for the low volume user providing reduced cost, improved reliability, 
power reduction, secrecy, size reduction, and servicing ease* 

The STAR approach to semicustom digital integrated circuits is intended 
to mix the best of both custom and semicustom. Emphasis is on ease of use, 
high device density, and flexibility with changing technologies. It is intended 
for those who feel the implementation and support of a complex custom design 
automation system is beyond their scope but have need for a semicustom 
integrating capability. 


*U.S. GOVERNMENT PRINTING OFFICE 1977-740-049/370 REGION NO. 4 
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